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ABSTRACT
The Aerodynamic Particle Sizer (APS) is a near real­
time laser particle sizer that counts and sizes particles in 
the range of 0.5 /xm to 3 0 /xm, which makes it ideal for 
measuring the particle size distribution of fly ash from 
coal combustion. While the APS has proven to be a valuable 
instrument for measuring particle size distribution from 
flue gas streams, data indicate that the APS may not be 
providing an accurate particle size distribution over the 
entire range of 0.5 /xm to 30 /xm.
The primary objective of this study was to determine 
the ability of the APS to obtain an accurate particle size 
distribution and mass concentration of dusts such as 
suspended coal fly ash. A secondary objective was to 
compare the relative merits of the APS with an impactor and 
a multicyclone. A third objective was to develop an 
improved correction curve to allow the APS to give a more 
accurate mass particle size distribution and total mass 
concentration over the entire range of 0.5 /xm to 30 /xm.
The experimental effort consisted of design and 
assembly of a bench-scale aerosol generation and sampling 
system to disperse dry powders into an air stream where they
ix
could be sampled by four different methods. The four 
methods were: 1) APS, 2) Pollution Control Systems Inc.
Mark 3 impactor, 3) Flow Sensor 6-stage multicyclone, and 
4) modified EPA Method 5 dust loading. Tests were conducted 
with four different dusts including BCR67 and BCR70 dusts 
with certified known particle size distributions, and two 
fly ashes produced from pulverized coal combustion.
Measured mass median diameters with the APS were lower 
than the certified values for the test dusts, the greater 
error occurring for the larger particles. Both impactor and 
multicyclone measured particle size distributions were in 
good agreement with the certified distributions. A new 
efficiency curve was generated which enables the APS to 
provide the correct particle size distribution for the 
certified test dusts. The ability of the APS to provide an 
accurate particle size distribution over the entire range 
from 0.5 /xm to 30 fim is limited by high concentrations of 
small particles and low count efficiency for particles from 
15 nm to 3 0 fim.
x
1.0 INTRODUCTION
Measurement of the particle size distribution of 
suspended dusts or aerosols is important to a variety of 
processes ranging from the manufacturing of pharmaceutical 
products to the control of particulate emissions from large 
coal-fired electric power production plants.
The current annual production of coal in the United 
States is over 900 million tons per year (1). The largest 
single use of coal in the U.S. is for the production of 
electric power. All coals contain mineral matter which does 
not produce gaseous products of combustion. While the 
mineral matter may undergo transformations during the 
combustion process and be in the vapor or liquid phases 
during peak temperatures, as the mineral matter cools, it 
forms small fly ash particles suspended in the effluent flue 
gas. Federal regulations limit the emission of this 
suspended particulate matter from utility coal-fired boilers 
to 0.03 lb/million Btu of heat input. This requires a 
particulate removal efficiency of 99.5% to 99.9% depending 
on the ash content and heating value of the coal.
Particulate control device removal efficiency is highly 
dependent on the particle size distribution of the suspended
1
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fly ash. This is especially true for cyclone collectors and 
electrostatic precipitators, and to a lesser extent for 
fabric filters. Therefore, it is important to correctly 
determine the particle size distribution of fly ash exiting 
a boiler so the best engineering decision can be made as to 
the selection and design of the particulate control device. 
Furthermore, measurement of the particle size distribution 
downstream of a particulate control device is important to 
determine the particulate removal efficiency as a function 
of particle size and to determine the particle size 
distribution of the particulate matter emitted to the 
atmosphere. The severity of adverse health effects and 
visibility impairment in the atmosphere caused by fine 
particles are highly size dependent (2).
The actual particle size distribution of fly ash 
exiting a coal-fired boiler is dependent on several main 
factors such as the type of boiler, coal type, and coal 
particle size distribution. Particle size distribution of 
fly ash from a coal-fired boiler may range from 0.01 /xm to 
100 /xm, but in general the mass median diameter is between 
5 jxm and 20 urn with 95% of the fly ash mass typically 
between 1 /xm and 3 0 /xm (3) .
Accepted methods to measure the particle size 
distribution of aerosols include impactors and
3
multicyclones (4,5). Both of these methods employ inertial 
methods to separate and collect the aerosol into discrete 
aerodynamic size fractions that are subsequently weighed to 
determine the mass in each fraction. Knowing the size cut 
points of each stage of the impactor or multicyclone then 
gives enough information to determine the particle size 
distribution. While both multicyclones and impactors are 
good methods to measure the particle size distribution of an 
aerosol, their primary disadvantage is the relatively long 
time required to obtain a single particle size distribution 
measurement. The sampling procedure with these two methods 
requires that a particle-laden flue gas sample be drawn 
through the device for a period ranging from a few minutes 
up to several hours, depending on the dust concentration in 
the flue gas. The device may be inserted directly into a 
flue gas duct or a flue gas sample may be drawn out of the 
flue gas duct, via a sampling tube, directly into the 
device. After sampling, the device must be cooled, 
disassembled, and the individual size fractions weighed. 
Approximately four hours are required to obtain a single 
particle size distribution measurement including 
preparation, sampling, and weighing.
In the last 10 years, new methods of measuring particle 
size distribution have been developed that use light 
scattering to determine the size and concentration of
4
aerosols. One such instrument is called an Aerodynamic 
Particle Sizer (APS), manufactured by TSI Inc. of St. Paul, 
Minnesota. This instrument has been used extensively by the 
University of North Dakota Energy and Environmental Research 
Center (EERC) for the measurement of particle size 
distribution in flue gas streams from coal-fired pilot 
combustors (6). The APS is designed to measure particle 
size in the range from 0.5 /xm to 30 /xm, which makes it ideal 
for measuring the particle size distribution of fly ash from 
coal combustion. The APS was designed to measure particle 
size distribution of aerosols under typical ambient 
conditions (e.g. room air at one atmosphere). Therefore, to 
use the APS to sample flue gas from coal combustion, the gas 
sample must first be cooled and diluted with dry, particle- 
free air to prevent moisture condensation in the instrument. 
Typically, a flue gas sample is diluted with about 8 parts 
dilution air to 1 part flue gas. The method for using the 
APS to sample flue gas has been developed previously at the 
EERC (7).
While the APS has proven to be a valuable instrument 
for measuring particle size distribution from flue gas 
streams, data indicate that the APS may not be providing an 
accurate particle size distribution over the entire range of 
0.5 jum to 3 0 /xm. Therefore, this study was initiated to 
evaluate the accuracy of the APS.
2.0 OBJECTIVES
The primary objective of this study was to determine 
the ability of the APS to obtain an accurate particle size 
distribution and mass concentration of dusts such as 
suspended coal fly ash. A secondary objective was to 
compare the relative merits of the APS with an impactor and 
a multicyclone. A third objective was to develop an 
improved correction curve to allow the APS to give a more 
accurate particle size distribution (on a mass basis) and 
total mass concentration over the entire range of 0.5 ^m to 
3 0 /zm.
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3.0 SCOPE OF WORK
The experimental effort for this study consisted of 
design and assembly of a bench-scale aerosol generation and 
sampling system to disperse dry powders into an air stream 
where they could be sampled by four different methods. The 
four methods were 1) APS, 2) Pollution Control Systems Inc. 
Mark 3 impactor, 3) Flow Sensor 6-stage multicyclone, and 4) 
modified EPA Method 5 dust loading. Tests were conducted 
with four different dusts including BCR67 and BCR70 test 
dusts with certified known particle size distributions (8). 
The other two dusts were fly ashes produced from pulverized 
coal combustion. One fly ash was obtained from a full-scale 
utility power station, and the other fly ash was previously 
generated in the EERC particulate test combustor (9).
The primary variables in the study were dust type, dust 
concentration, and measurement method. Other minor 
variables included system air flow rate and dilution ratio, 
but these were adjusted only to achieve the best sampling 
conditions and were not a main focus of the study.
The entire study included a total of 340 APS tests, 5 
multicyclone tests, 22 impactor tests, and 10 EPA Method 5
6
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dust loading tests. The APS requires only about 30 seconds 
of sampling time at high dust concentrations, so typically, 
multiple APS samples were taken for each condition. Data 
from the three particle size distribution measurement 
methods were compared with the known particle size 
distributions of the BCR test dusts. For the test fly 
ashes, the APS results were compared with the impactor and 
multicyclone results. APS results were also compared with 
the measured total dust loading by EPA Method 5. APS 
correction curves were then generated which allow the APS to 
produce a more accurate particle size distribution and total 
mass concentration.
4.0 EXPERIMENTAL FACILITY and PROCEDURES
4.1 General Description of Test System
A schematic of the experimental system employed in this 
study is shown in Figure 1. Dry, particle-free air under 
slight positive pressure is input to the Dry Powder 
Disperser (DPD) where a combination of a rotating brush and 
jet of air disperses the dry powder into the air stream.
The particle-laden air then exits the DPD and goes to the 
diluter cone where the gas velocity is greatly reduced and 
additional particle-free air can be added, as appropriate, 
for the sampling technigue being employed. A sample is 
drawn from the bottom of the dilution chamber, into the 
instrument being used, by means of a sample pump. The 
system was designed so that more than one sampling method 
can be employed simultaneously.
Looking at Figure 1, a more detailed description of the 
process and procedures is as follows. Compressed air at 
approximately 80 psig was obtained from the ''house air" 
supply in the fine particle laboratory at the EERC. The air 
is dried in the central compressor building at the EERC.
8
Figure 1. 
Experimental system for APS evaluation.
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Following the main control valve are two regulators in 
parallel. One regulator controls air pressure to the DPD 
and the other regulator controls pressure to the diluter, as 
shown in Figure 1. The air pressure supply to the DPD was 
held at 1 to 6 psig depending on the flow rate through the 
DPD. The air flow rate to the DPD was measured and 
controlled with a Dwyer Model RMB 0 - 100 scfh, ball-type 
rotameter. The accuracy of the rotameter is given as plus 
or minus 5%, but the rotameter was calibrated against the 
dry gas meter on the Misco sampling controller, which in 
turn was previously calibrated with a wet test meter. The 
rotameter calibrated to within 1% to 2% of the rotameter 
reading. The middle of the rotameter ball is lined up with 
the rotameter scale, which had scale divisions of 2 scfh. 
Therefore, assuming the scale is calibrated correctly, the 
flowmeter accuracy is about plus or minus 1 scfh. The 
accuracy of the rotameter reading is also dependent on 
correct measurement of the static pressure downstream of the 
rotameter ball or just upstream of the rotameter valve if 
the valve is wide open so there is no appreciable pressure 
drop across the valve. Since the rotameter scale is 
calibrated for standard conditions the actual flow rate is 






Q2 = corrected actual flow rate (scfh)
Q1 = indicated rotameter reading (scfh)
P2 = actual pressure at rotameter ball (psia)
P1 = standard pressure (14.7 psia)
SG = specific gravity of gas if different than air
Correct barometric pressure was obtained with a mercury 
barometer in an adjacent ground-floor laboratory at the 
EERC. The mercury barometer reading was corrected for 
ambient temperature.
At the start of the study, exact measurement of the air 
flow rate through the DPD was thought to be important to 
correctly calculate the mass concentration of the aerosol. 
Precise measurement of the air flow rate along with accurate 
measurement of the DPD dust feed rate should have provided 
the necessary information to obtain an accurate aerosol mass 
concentration. However, dust loading results of the first 
several tests showed that the actual concentration at the 
sample point at the bottom of the dilution chamber was only 
about 30% of the theoretical calculated aerosol
12
concentration. The cause of this disparity was found to be 
particle deposition in the DPD dispersing chamber and 
additional deposition between the DPD and the sample point. 
After one or two hours of operating the DPD, particle 
deposition along the walls of the diluter was evident. Some 
deposition also occurred in the carrier tube between the DPD 
and the diluter. Inspection of the DPD after a test showed 
some additional deposition on the brush and on the surface 
of the brush chamber. The deposition made accurate 
prediction of the aerosol concentration, based only on the 
measured powder feed rate and air flow rate, difficult. The 
calculation, however, did provide a maximum theoretical dust 
concentration, and, after enough tests were completed so the 
ratio of actual to theoretical concentration was 
established, it gave an approximate concentration. This 
accuracy was much less than the rotameter accuracy, so the 
rotameter reading was not critical. Nevertheless, rotameter 
readings and the rotameter air pressure were taken for all 
of the tests.
The actual dust concentration at the sampling location 
was determined by using a modified EPA Method 5. Therefore, 
particle deposition prior to the sampling location did not 
compromise the results. It simply required a greater effort 
in that more EPA 5 dust loadings were conducted than 
originally planned.
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One of the causes of deposition in the system may be 
particle charging. Previous work at the EERC with the 
DPD (11) showed that particle charging can be minimized by 
humidification of the carrier air to 1% - 1.5% moisture (by 
volume). This was accomplished by bubbling the dry air 
through an EPA 5 type bubbler (see Figure 1), which was 
included in the system for all of the tests. Another method 
to reduce deposition caused by particle charging is to pass 
the carrier air through a charge neutralizer. A TSI Model 
3077 krypton 85 charge neutralizer was placed in the system 
for this purpose. APS results with and without the charge 
neutralizer using the BCR 70 dust, however, showed no 
significant effect on particle concentration. Nevertheless, 
the charge neutralizer was retained as part of the system 
because the neutralizer may help to minimize particle 
charging for some of the test dusts under some conditions.
The carrier air to the DPD and diluter was cleaned of 
particulate matter by passing the air through high 
efficiency, particle-free air (HEPA) filters. These filters 
are 99.99+% efficient at collecting 0.01 Mm to 50 /Lim 
particles, and have been used extensively in previous work 
at the EERC to provide particle-free air. The filters can 
be checked by placing them upstream of a condensation 
nucleus counter (CNC) or the APS. If the filters are 
working properly, particle concentration will quickly drop
14
to less than 1 particle/cc. Comparing with particle 
concentrations of ambient room air in the range of 103 to 
10A particles/cc (measured with the CNC) shows that the HEPA 
filters provide extremely clean air. The use of these HEPA 
filters in the system ruled out any other source of 
particles in the carrier air than the dry powder placed in 
the DPD.
The DPD is designed to handle an air flow rate of 5 to 
50 liters/min (10.6 to 106 scfh). At the start of the 
study, this flow rate was set at 43 scfh and the dilution 
air set at 301 scfh to provide an 8 to 1 dilution ratio, 
because this is the dilution ratio that has typically been 
used for the APS when sampling flue gases at the EERC.
Since the main purpose of the study was to assess the 
ability of the APS to provide correct particle size 
distributions and particle mass concentrations, conditions 
were chosen that were similar to real sampling conditions 
when possible. However, later in the study several 
constraints required that the DPD air flow rate be altered 
for some of the tests. One constraint on the system was the 
maximum particle concentration that can be measured with the 
APS without significant error due to particle coincidence in 
the sampling volume (further details on the APS are given in 
Section 4.3). Because the APS cannot accurately measure 
particle concentrations greater than about 50 mg/m3
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(depending on particle size), a high air flow rate through 
the DPD was desirable to keep the particle concentrations 
low. A higher DPD flow rate was also desirable because that 
a higher velocity air jet is more effective at dispersing 
the dry powder. The lowest concentration of particles at 
the sampling point could be achieved by setting the DPD 
powder feed rate to the lowest setting and the DPD air flow 
rate to maximum, and by using the highest possible dilution 
ratio. While this combination would work for the APS, the 
multicyclone has the opposite requirement in that it 
requires high dust concentrations to have a reasonable 
sampling time, and must collect enough dust in each of the 
cyclones to obtain accurate weights. Since the amount of 
available BCR dusts was limited, the DPD powder feed rate 
was increased to facilitate multicyclone sampling. Test 
results, however, showed that the measured particle size 
distribution was not sensitive to the powder feed rate, so 
changing the feed rate to accommodate the method should not 
have affected results.
One other result that affected the flow configuration 
was the discovery of mild cyclonic flow at the bottom of the 
dilution chamber under some conditions. The cyclonic flow 
was apparently induced by the dilution air which enters the 
dilution cone just after the sample from the DPD (see 
Figure 1). Even though the dilution holes are approximately
16
perpendicular to the walls of the dilution cone, at high 
dilution rates, some circular flow at the bottom of the 
dilution chamber developed. This is highly undesirable, 
because cyclonic flow will cause inertial separation of the 
larger particles. Since the APS sampling nozzle is located 
in the center of the dilution chamber, any cyclonic flow 
will tend to make larger particles miss the sampling nozzle, 
causing an error in the measured particle size distribution. 
Analysis of data (see Section 5.0) showed that this effect 
was insignificant for the BCR7 0 dust which had a 4.7 jim mass 
median diameter, but it was very significant for the 
Escalante fly ash which had a 30 /nm mass median diameter. 
Once the occurrence of cyclonic flow was discovered, some 
tests were repeated without any dilution air to ensure that 
there was no cyclonic flow. The presence or absence of 
cyclonic flow was easily detected by holding a flashlight at 
the bottom of the diluter with an open bottom. Light 
scattering by the particles made it possible to detect any 
circular particle motion. At a lower dilution flow rate of 
100 scfh, which is the typical diluter flow rate when the 
APS is used for sampling flue gas, no cyclonic flow was 
detected. This means that past APS results should not have 
been biased because of cyclonic flow in the diluter.
Because of cyclonic flow at higher dilution rates and 
the higher dust concentrations required for the
17
multicyclone, the DPD air flow rates were not held constant 
for all of the tests even though this was originally 
planned. However, there was no evidence that the air flow 
rate through the DPD or the powder feed rate to DPD had an 
effect on the measured particle size distributions.
Cyclonic flow in the diluter did affect the results for 
larger particle sizes, but tests where this occurred were 
repeated without any dilution.
The system was designed so the bottom of the diluter 
was open to ambient air, but the sampling nozzles extended 
well into the dilution chamber. The sampling flow rate 
(through the APS, impactor, or multicyclone) was much less 
than the total flow rate through the diluter so excess 
aerosol was discharged into the room and there was no 
possibility of room air mixing with the sample. With the 
APS, sample flow was maintained and controlled with a sample 
pump and mass flow controller contained within the 
instrument. For the impactor, multicyclone, and dust 
loadings, sample flow was provided with a Misco sampling 
controller. Main components of the Misco controller include 
a vacuum pump, dry gas volume meter, and control valves.
Flow rate with the Misco controller is monitored with a 
manometer that measures the pressure drop across a 
calibrated orifice and by measuring the time for the pump to 
sample the gas volume measured with the dry gas meter.
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EPA Method 5 was designed as a test method to measure 
particulate emissions from industrial stacks to determine 
compliance with applicable regulations. In brief, the 
method involves extracting a known volume of flue gas 
through a particulate collection filter. The weight gain of 
the filter for a known volume of sampled flue gas allows 
calculation of the dust loading, which is the mass of 
particulate matter per unit volume of flue gas. The dust 
loading along with the total flue gas volume flow rate 
provides the total particulate emission rate for a process. 
EPA Method 5 was designed specifically to measure dust 
loading from hot moist flue gas and includes specific 
procedures to ensure valid results. For this study, the 
carrier gas was air at ambient conditions, so many of the 
specific procedures do not apply. The concept is the same 
in that a known volume of air is drawn through a glass-fiber 
filter that is virtually 100% efficient. The accuracy of 
the measurement is primarily dependent on the accuracy of 
the sample volume measurement and the accuracy of the weight 
measurement of the filter. The dry gas meter reads to 
0.001 ft3, and typically from 5 to 2 0 ft3 were sampled for 
each dust loading. Dust loading filters were weighed with a 
Mettler AE163 balance which reads to 0.00001 gram up to 30 
gram capacity and reads to 0.0001 gram up to 160 gram 
capacity. Clean dust loading filters weighed about 0.2 g 
and typically gained about 0.05 g of dust weighed to 5
19
decimal places. Therefore, weighing accuracy of the dust 
loading filters was not a significant source of error. The 
dust loading nozzle consisted of a "button hook" type nozzle 
typically used for stack sampling. Because the nozzle has a 
90° bend, some deposition in the nozzle during sampling is 
expected. This deposition must be included in the collected 
particulate mass to obtain a valid dust loading. The nozzle 
was weighed to 4 place accuracy before and after each dust 
loading, and the nozzle weight gain was added to the filter 
weight gain to obtain the total dust loading. The amount of 
dust collected in the nozzle was generally less than 30% of 
the total dust collected, but the nozzle weight gain was at 
least 10 times the accuracy of the balance. Therefore, 
weighing accuracy of the nozzle also was not a significant 
source of error. Since EPA Method 5 is considered to be an 
accurate accepted method and since the dust loading weights 
and gas volumes were highly accurate, the measured dust 
loadings were considered to be the actual dust 
concentrations at the sample location. These dust loading 
measurements were then compared with the theoretical 
calculated dust loadings to determine the fraction of dust 
that reached the sample location. This fraction was found 
to be fairly constant and was a good predictor of the actual 
dust loading. The dust loading measurements were also used 
to determine the accuracy of the APS dust loading
measurements.
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4.2 Dry Powder Disperser and Procedures
The Model 3410 Dry Powder Disperser (DPD), manufactured 
by TSI Inc., is designed to disperse dry bulk powders into 
their original particle size distribution in a carrier gas. 
This instrument has been previously used at the EERC to 
disperse fly ash for bench-scale filtration studies (11), 
and offers a good method of redispersing a dry powder such 
as fly ash into a gas stream in a uniform consistent manner 
with precise control over the feed rate. The instrument 
consists of a cylindrical chamber with a gear-driven piston 
on one end and a rotating stainless steel brush on the other 
end of the cylinder. A jet of air and the rotating brush 
combine to disperse the powder as it is pushed against the 
brush. The powder feed rate is controlled by setting the 
piston velocity at the desired value from 2 mm/hr to 
500 mm/hr. Five different size cylinders ranging from 7 mm 
to 28 mm diameter can be used with the instrument for 
additional feed rate control. A 14 mm diameter cylinder was 
used for all of the tests in this study.
Both the cylinder and piston are removed from the DPD 
to fill the cylinder with powder. The volume displacement 
of the cylinder is determined from the piston speed and 
diameter, but the bulk density of the powder must also be
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known to calculate the actual powder mass feed rate. The 
bulk density of ash in the cylinder was determined by 
weighing the cylinder before and after adding ash and by 
measuring the depth to which the cylinder was filled with 
ash. The procedure for packing the cylinder requires that 
the ash be packed with a plunger as it is added to the 
cylinder. Since the ash is already packed, no further 
packing during operation is expected, which should lead to a 
uniform ash feed rate, as has been previously shown (11).
The feed uniformity of the DPD was not specifically tested 
in this study, but APS data showed the dust concentrations 
to be very uniform over multiple samples and showed that, 
when the piston speed was increased, the dust concentrations 
immediately increased proportionately. This was especially 
useful in evaluating the effect of dust concentration on the 
APS accuracy. For most of the APS tests the piston speed 
was set at 2 or 4 mm/hr to keep dust concentrations low, 
while the piston speed for the multicyclone and impactor was 
typically 10 or 20 mm/hr.
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4.3 Aerodynamic Particle Sizer and Procedures
The Aerodynamic Particle Sizer Model APS 33 was 
originally purchased from TSI Inc. in 1984. This original 
model had the capability to size particles from 0.5 /xm to 
15 /xm. In 1987 TSI offered an upgrade to increase the size 
measuring range to 0.5 /xm - 3 0 /xm; subsequently the APS was 
modified at TSI in 1987 to the Model APS 33B with the 
expanded size range and improved data handling capability 
consisting of the advanced C-language software package.
The APS has two main components. The main sensor 
module, in which particles are sampled, sized, and counted, 
includes a sampling nozzle, sample pump, laser optics, 
photomultiplier tube, and flow controllers. A schematic of 
the APS sensor is shown in Figure 2. The second main 
component is a dedicated IBM-compatible microcomputer, which 
controls sampling parameters, collects data, and performs 
data analysis. The APS is based on the principle that 
suspended particles will lag behind the gas velocity in an 
accelerating flow regime. In the APS, particle-laden air is 
passed through a thin-walled orifice, and because of 
particle inertia, the velocity of the particles will lag 
behind the gas velocity. This velocity lag is uniquely 
related to the aerodynamic diameter of the particles. 
Therefore, if the particle velocity can be measured as a
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particle exits the orifice, the particle size is determined. 
For particle sizes smaller than 0.5 /im, particle velocity 
rapidly approaches the gas velocity, which is why 0.5 is 
the lower size limit that can be measured by this method.
To measure particle velocity, the APS employs a laser which
Particle Laden Gas
Assembly Pump
Figure 2. Schematic of the Aerodynamic Particle Sizer.
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is first split into two beams, and then focused on two 
rectangular planes in front of the orifice. The light 
scattered by a particle passing through these beams is 
collected and focused onto a photomultiplier tube, which 
emits two pulses separated by the time taken for the 
particle to cross the distance between the two planes. This 
time interval is measured electronically and the aerodynamic 
diameter of the particle is determined from a calibration 
curve based on measured time intervals with monosized 
calibration spheres. The accelerating orifice consists of 
an outer orifice 1.0 mm in diameter and an inner nozzle 
0.8 mm in diameter. The APS is designed to sample at a set 
rate of 5 liters/min. 20% of the sampled aerosol passes 
through the inner nozzle, while 80% of the flow passes 
through a filter and flowmeter and is then reintroduced as 
sheath air which confines the aerosol to the central region 
of the jet where the air velocity is uniform. An air 
velocity of 150 m/s is maintained at the orifice by keeping 
the sensing chamber at a pressure of 125 cm of water below 
the ambient inlet pressure. A pressure transducer controls 
a feedback loop which in turn controls the vacuum pump, 
keeping the pressure drop constant.
Since the APS is a single particle counter (i.e. it can 
size and count only one particle at a time), it is limited 
as to the particle concentration that it can measure
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accurately without particle coincidence error. While the 
highest particle concentration that can be measured without 
significant coincidence error is somewhat dependent on 
particle size, a concentration less than 1000 particles per 
cc of carrier gas is generally low enough to prevent 
significant coincidence error. To completely avoid 
coincidence error, the aerosol concentration should be less 
than 100 particles/cc. To allow sampling at higher particle 
concentrations, a TSI Model 3302 diluter can be used 
upstream of the APS. The diluter is specifically designed 
for the APS and simply attaches directly to the APS sampling 
nozzle. The diluter works on the principle of allowing a 
small part of the aerosol to pass through a diluter nozzle 
while the rest of the gas is filtered of particulate matter 
and then remixed with the aerosol. Dilution ratios of 100:1 
and 20:1 are available with the Model 3302 diluter depending 
on which dilution nozzle is selected. The APS diluter was 
employed only for the tests in which APS particle 
concentrations were too high without the extra dilution.
The primary sampling variables which needed to be 
specified for the APS tests were 1) whether or not to use 
the APS diluter, 2) APS sampling time, 3) the number of 
repeat samples for a given condition, and 4) particle 
concentration. Initial tests with the BCR70 dust without 
the APS diluter resulted in particle concentrations in the
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APS of approximately 3500 particles/cc, which is much higher 
than the recommended maximum concentration. One possible 
effect when particle concentrations are too high is that two 
or more small particles may be counted as a large particle. 
With the high concentration BCR70 dust, the APS data showed 
many more larger particles than should have been present, 
based on the known particle size distribution. This was 
further evidence that this concentration was too high for 
the APS to measure accurately, so the decision was made to 
use the 100:1 nozzle of the APS diluter for all subsequent 
tests with this dust. Since initial tests with the BCR67 
dust without the APS diluter resulted in particle 
concentrations of less than 100 particles/cc, all tests with 
this dust were conducted without the APS diluter. The 
Escalante fly ash had an even larger particle size than the 
BCR67 dust so the APS diluter was not necessary for the 
Escalante tests. The Beulah fly ash had a particle size 
between the BCR67 and BCR70 dusts. Tests were conducted 
with the Beulah ash with the 100:1 diluter nozzle, with the 
20:1 diluter nozzle, and without the APS diluter.
The APS is designed so that the sampling time may be as 
short as a few seconds to more than an hour in duration.
For high dust concentrations approaching the upper 
concentration capacity of the instrument, only a few seconds 
are usually required. For very low particle concentrations
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such as clean ambient air or flue gas downstream of fabric 
filters with high particulate removal efficiencies, sampling 
times of at least five minutes may be required to obtain a 
good statistical distribution. As a sample is taken, the 
APS computer displays in real time the differential particle 
size distribution of the cumulative sample as a 57-channel 
histogram graph, shown in Figure 3. Watching the particle 
size distribution plot during sampling provides information 
as to whether or not a good statistical sample has been 
accumulated. When the plot is clearly formed and does not 
change further with time, it is an indication that the 
computer has accumulated enough information. For the APS 
tests in this study, this usually occurred in less than 30 
seconds. Therefore, the APS sampling time was generally set 
at 30 or 60 seconds.
All of the EPA Method 5 dust loadings were conducted 
simultaneously to APS sampling to evaluate the ability of 
the APS to provide the correct total mass dust concentration 
as a function of dust type. The time required to complete a 
dust loading was in the range of 10 to 20 minutes, which 
allowed from 5 to 10 APS samples to be taken during each 
dust loading. This provided an assessment of the 
repeatability of the APS. Complete data from each APS 
sample were recorded on floppy disk and, in addition, 
respirable mass, total mass, number median diameter, and
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60
Number Median DiaMeter 5.556 
Surface Median DiaMeter 12.55 
Hass Median DiaMeter 15.90
Standard Deviation 4.939
Figure 3. Example of APS histogram plots for BCR67 dust 
with modified efficiency correction. Number, 
surface, and mass concentrations versus 
aerodynamic particle size. Exp is the exponent 
for the y-axis.
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mass median diameter were recorded manually. When the 
effect of particle concentration was being tested, from 5 to 
10 repeat APS samples were also taken for each condition. 
Particle concentration was adjusted either by changing the 
piston speed on the DPD or by changing the dilution ratio. 
When the piston speed was changed, the real-time particle 
concentration displayed on the APS computer screen responded 
almost instantaneously. For example, increasing the piston 
speed from 4 mm/hr to 8 mm/hr resulted in a doubling of the 
particle concentration. This indicated that the ratio of 
theoretical particle concentration to actual particle 
concentration was not highly dependent on the piston 
velocity. Therefore, increasing the piston speed was a 
convenient method to adjust particle concentration for 
assessing the effect of particle concentration on the 
accuracy of the APS.
4.4 Mark 3 Impactor and Procedures
Cascade impactors have been extensively employed for 
over 20 years as a method of measuring the particle size 
distribution of an aerosol (12 - 16). The basic principle 
of an impactor is that when a particle-laden gas jet strikes 
a flat plate perpendicular to the velocity of the jet, 
particles will cross gas streamlines, and, depending on
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particle inertia, may strike and stick to the plate. The 
size of particle that will impact the plate is primarily a 
function of gas velocity. Therefore, impactors are designed 
with stages of nozzles separated by impaction plates. The 
nozzles of each stage are progressively smaller so the gas 
jet velocity increases with each stage. Progressively 
smaller particles are then captured on the impaction plates 
for each stage. The impaction plates are weighed before and 
after a sample to determine the particle mass collected on 
each stage, which represents a narrow particle size range. 
The particle mass on each stage and the known size range 
that each stage collects then provide the necessary 
information to determine the particle size distribution. 
Typically, an impactor will have from 5 to 15 stages which 
have capture "cut points" from 25 /xm down to 0.1 /xm. This 
makes impactors an ideal method for measuring particle size 
distributions of fly ash, since most of the total mass of 
fly ash will be in this range.
The primary basis for determining the size cuts for 
each stage is Stokes law, which gives the drag force on 
spheres for viscous flow:
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Fd -  3it|xdpV (2)
where:
Fd = drag force
fi = gas viscosity
dp = particle diameter
V = relative velocity between particle and gas
Stokes law is considered valid for particle Reynolds numbers 
from 0.01 to 0.1, but the range can easily be expanded by 
using empirical corrections for larger or smaller Reynolds 
numbers (17). In the absence of other significant forces, 
particle motion can be analyzed by equating the drag force 
to the change in particle momentum (Eq.3) where the minus 
sign designates that the drag force is in the opposite 
direction to the particle velocity:
mn—  = -F n = - 3 ti\idnV 
p dt D p
rearranging terms:
dV 3 ti \ idV





But, particle mass, mp, for solid spheres is calculated 
from particle density, pp:
substituting for mp into Eg.(4) leads to:
(5)
dV + lS^V _ Q 
dt dippr p
(6)
Another important term in aerosol science is relaxation 
time, t , which is given as (17):
T .
18|i
substituting r into Eg.(6) leads to:
(7)
dV V n dV 1.—  + — = 0 -  —  -  — dt
dt x V x
solving for V:
(8)
V - V e'th (9)O
where VQ is the initial velocity. Therefore, the 
physical definition of relaxation time is the time in which 
particle velocity slows to a value of 1/e or approximately 
1/3 of its initial velocity when undergoing deceleration. 
Conversely, for an accelerating particle, relaxation time is 
the time for the particle to reach a value of 1/e of its
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by a particle 
which leads
terminal velocity. The distance traveled, x, 
in time, t, is found by integration of Eg.(9)
to:
x - V„z(l - e - l') ( 10)
but for:
t > >  x x “  Vn Xo (ID
which is the stopping distance of a particle with 
initial velocity, VQ in a viscous fluid. Stokes number is 
defined as the ratio of stopping distance to the distance a 
particle must travel to be captured (17). For an impactor, 
this is the ratio of stopping distance to the radius of the 
nozzle.
where D is the nozzle diameter and C is the Cunningham 
correction factor to correct for particles that fall into 
the slip flow regime at low Reynolds numbers (12, 17):
STK (12)
D /2 18|i(Z>/2)
(13)C =  1 +
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where X is the mean free path of the gas molecules and 
is given by (12).
X
p R T
0 .4 9 9  pM R T  
7JM
where:
R = ideal gas constant 
T = absolute gas temperature 
p = gas pressure 
M = molecular weight of gas
(14)
Stokes number is also referred to as the inertial impaction 
parameter (i|r) or, depending on author, sometimes \|i is 
defined as 1/2 Stokes number.
For impactors, the cut point is usually defined as the 
particle diameter at which the collection stage is 50% 
efficient and is denoted as d50. This term can be confusing 
in evaluating impactor data, because it says nothing about 
the sharpness of the cut point (i.e. how efficient the stage 
is at collecting particles slightly smaller or larger than 
the stated cut point). The convention in evaluation of 
impactor data is the assumption that a stage will collect 
all particles larger than the d50 and pass all particles 
smaller than the d50. For example, if the d50 of stage two 
is 8 pm and stage three has a d50 of 5 pm, it is assumed
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that particles collected on stage three are all between 5 jxm 
and 8 jm. While this assumption is not entirely correct, in 
practice it is found that the stage cut points are quite 
sharp, and that this is a valid method of interpretation of 
impactor data. Individual stage cut points are designed to 
be far enough apart so that lack of sharpness of the cut 
points does not compromise data interpretation.
Recall that Stokes number was defined as the ratio of a 
particle's stopping distance to the radius of the nozzle.
The maximum distance a particle must travel across 
streamlines to be captured is the nozzle radius, since the 
gas jet is diverted to all sides when striking a plate at a 
perpendicular angle. Therefore, it would appear that a 
Stokes number of 1 would be required for particle capture. 
However, some particles will not have to cross streamlines a 
total distance of the nozzle radius to be captured, making 
the effective required Stokes number less than 1. In 
addition, geometric parameters such as jet diameter, jet 
shape, and jet-to-plate distance may affect the collection 
efficiency of each stage. Experimental and theoretical 
evaluation of the required Stokes number to predict the d50 
of an impactor stage resulted in a value of 0.24 to 0.34 for 
round-jet impactors (12). This corresponds to an inertial 
impaction number of 0.12 to 0.17, and is fairly constant for 
all of the stages of an impactor as long as geometric
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parameters are within guidelines. The developers of the 
Mark 3 impactor chose a value of 0.145 as the impaction 





C P p d2 Vj 
18 \iD
0.145 (15)
The velocity, V-, of the gas in the jets depends on the 
total flow rate, Q, the diameter of each jet, D, and the 
number of jets in each stage, N. The velocity of each jet 
is given as:
v  . 4 Q
1 %d 2n
Substituting for V- in Eg.(15) leads to:
*50




which gives the cut point for each stage. Therefore, for an 
impactor sample, the gas viscosity must be known and the 
flow rate must be held constant for the entire impactor 
sample so that the cut points for each stage remain 
constant. Graphs are given in the Mark III impactor manual, 
when the carrier gas is air, which show the calculated d50 
values for each stage as a function of flow rate and 
temperature. The values of d50 for all of the impactor
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tests were read from the graphs, since air at ambient 
conditions was the carrier gas. Typically, the particle 
density is not known or is variable, so a density value of 
one is used in Eq.(17), which then makes the d50 cut points 
aerodynamic diameter.
For the first 4 of the total of 22 impactor tests, 7 
stages were employed along with a backup filter, as shown in 
Table 1. However, for the remainder of the impactor tests, 
the 7th stage was not used, because the cut point of stage 7 
was close to the cut point of stage 6 and a very small 
percentage of the mass was collected on stage 7. It is a 
common practice with impactors to employ a backup filter 
after the final stage to collect particles smaller than the 
d50 of the last stage. The filter is generally of the same 
type used in EPA Method 5, which is virtually 100% efficient 
even for submicron particles. A backup filter was used for 
all of the impactor tests in this study.
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TABLE 1











1 1 0.7180 14
2 6 0.2280 11
3 12 0.0960 4.2
4 90 0.0310 2.1
5 110 0.0200 1.15
6 110 0.0135 0.59
7 105 0.0102 0.50
filter
a for impactor Test 1 with a flow rate of 
0.662 acfm
The Mark 3 impactor is designed to operate with the 
straight nozzle pointing directly upstream. To operate this 
way, the impactor was placed at the bottom of the diluter 
with the impactor nozzle pointing straight up into the 
center of the diluter. During impactor tests, no other 
sampling was conducted at the same time. The procedure for 
impactor sampling is essentially the same as EPA Method 5 
sampling in that a gas sample is drawn through the device at 
a measured flow rate for a given length of time. The Misco 
controller was used to sample, control, and measure the gas 
flow rate. Flow rates ranging from a low of 0.2 acfm to a 
high of 0.7 acfm were set depending on the specific test. 
Sampling time ranged from 5 minutes up to 28 minutes.
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A key part of obtaining valid impactor results is to 
carefully determine the weight gain on each stage. 
Frequently, light substrates are placed on the collection 
plates to facilitate weighing accuracy. During the first 
three impactor tests, stainless steel foil inserts 
(substrates) were used, each weighing slightly more than one 
gram. However, the stainless steel inserts tended to stick 
to the rim of the plates and were not easily removed, while 
keeping the deposits intact. The stainless steel inserts 
are recommended primarily for high temperature sampling. 
Another type of insert that is available with the Mark 3 
impactor is the glass mat "donut" type that is constructed 
of the same material as the EPA Method 5 filters. While the 
glass donut substrates may gain extraneous weight if used 
for sampling hot flue gas containing acid gases, they are 
perfectly suited for sampling air at room temperature. The 
glass donuts are easily removed from each stage after a run 
and weigh only 0.13 gram each. Therefore, glass donut type 
substrates were used for the remaining 19 impactor tests.
The lighter weight of the glass inserts also helped to 
insure weighing accuracy, since the weight gain was a larger 
percentage of the total weight. For some tests, the lower 
impactor stages gained only about 0.1 mg; however, this was 
still an order of magnitude higher than the sensitivity of 
the 5-place Mettler AE163 balance used for the impactor 
tests. Following determination of the particulate weight
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collected on each stage and determination of the d50 cut 
points, impactor results were graphed by plotting the 
cumulative percent mass smaller than the cut point on the y- 
axis and the d50 values on a logarithmic x-axis. Results of 
the impactor tests are given in Section 5.0.
4.5 Flow Sensor Multicvclone and Procedures
While impactors have many advantages, staged cyclones 
or multicyclones were designed to overcome some 
disadvantages of impactors. One of the main advantages of 
cyclones is that the amount of sample that can be collected 
in each stage is much greater than in impactors. With 
impactors, the amount of dust collected on each stage is 
usually kept at a minimum to avoid reentrainment and stage 
overloading. Particle bounce may also occur in impactors 
under certain conditions leading to erroneous results, 
especially at high flow rates. Particle bounce is not a 
problem with cyclones and enough dust can be collected in 
each stage which may allow certain types of chemical 
analyses that are not possible with impactors. Because of 
the larger amount of dust that can be collected in each 
stage, cyclones are an ideal sampling method when dust 
loadings are high. Cyclones, however, have two main 
disadvantages. First, particulate catches are distributed
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over the inner surface of the cyclones as well as the 
cyclone collection cups, making sample recovery difficult. 
Since the individual cyclones are too heavy to determine 
weight gain by weighing the entire cyclone before and after 
a test, the particulate catch from each cyclone must be 
brushed unto a weighing dish. This is not usually a problem 
if the sampling catches are large, but with light catches, 
this can be a source of error. Second, current cyclone 
theory does not adequately predict d50 cut points from 
geometric considerations and flow rates. Therefore, 
extensive calibrations are required to obtain empirical 
equations to calculate cut points.
The Flow Sensor 6-stage multicyclone (five cyclones and 
a backup filter) was originally developed by Southern 
Research Institute for the EPA (18). Subsequently, Southern 
Research Institute designed and built an improved 
multicyclone for the EERC (formerly the US Department of 
Energy Grand Forks Energy Technology Center) (19). Still 
further improvements were made by Flow Sensor, Inc. which 
made the multicyclone commercially available (Flow Sensor 
was later purchased by Anderson, Inc., which still sells the 
Flow Sensor multicyclone). The EERC has the original 
multicyclone built by Southern Research Institute and three 
sets of the Flow Sensor multicyclone. Tests in this study 
were conducted with one of the Flow Sensor multicyclones.
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Southern Research Institute has more recently refined the 
d50 calculations based on extensive calibrations with 
monosized calibration materials. These latest d50 values, 
given as a function of flow rate and temperature, were used 
to determine the d50 cut points for this study (20) .
Sampling procedures with the multicyclone were similar 
to the impactor in that the Misco controller was used to 
draw the sample through the impactor at a controlled flow 
rate. The sampling time was increased, however, to provide 
enough sample to easily collect from each cyclone stage.
The d50 cut point for the first cyclone was in the range 
from 7 /xm to 10 /xm depending on flow rate. The multicyclone 
worked fine for the smaller sized BCR70 dust, but, since the 
mass median diameter of the BCR67 dust was larger than this, 
the multicyclone would not provide enough information to 
obtain a complete particle size distribution. Therefore, 
the multicyclone was used only for the BCR70 and Beulah 
dusts. No other testing was conducted at the same time as 
the multicyclone sampling. The straight multicyclone nozzle 
was pointed directly upstream into the bottom of the 
diluter, similar to the impactor tests, and sample flow was 
again provided by the Misco sample controller.
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4.6 BCR Test Dusts and Test Fly Ashes
The two BCR test dusts were purchased from the Gilson 
Company, Inc., but the materials were produced by the 
Commission of the European Communities, Community Bureau of 
Reference in Brussels, Belgium. The test dusts can also be 
obtained directly from the Community Bureau of Reference.
A certification report of these reference materials 
describes the methods used to standardize these materials 
along with their certified particle size distributions (8).
A total of five BCR dusts is available, which includes 
BCR66, BCR68, and BCR69 in addition to the BCR67 and BCR70 
dusts used in this study. The BCR66 dust has a mass median 
diameter of 1.2 /xm, which makes it too small to be useful in 
calibration of the APS, the BCR68 and BCR69 both have mass 
median diameters larger than 3 0 /urn making them too large to 
use with the APS. Therefore, only the BCR67 dust, which has 
a mass median diameter (Stokes diameter) of 10.3 /xm, and the 
BCR70 dust, which has a mass median Stokes diameter of 
2.9 /xm, were used to calibrate the APS. All of the five BCR 
dusts are pure quartz with certified particle densities in 
addition to certified particle size distributions. The 
particle size distributions were measured by five different 
European laboratories by gravitational sedimentation in a 
liquid.
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This method is frequently referred to as the Andreasen 
pipette method. It consists simply of extracting samples, 
via a pipette, of particulate material in a sedimenting 
system in the earth's gravitational field at various time 
intervals. The particulate masses of the extracted samples 
are subsequently weighed and the particle size distribution 
is calculated from the known rates of sedimentation of 
different sized particles. The method is a direct 
application of Stokes law where the Stokes drag force (Eq.2) 
is equal and opposite to the gravitational force. Since the 
experiment is conducted in a liquid, the buoyancy of the 
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(18)
where:
V = terminal settling velocity in given fluid 
pp = solid particle density 
pf = fluid density 
g = acceleration of gravity
The certified Stokes particle size distribution is given for 
each dust along with sample uncertainties for 9 discrete 
particle sizes for the BCR67 dust and sample uncertainties 
for 14 discrete particle sizes for the BCR70 dust. Plots of
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the certified particle size distributions are shown in 
Section 5.
Since the APS, impactor, and multicyclone all give 
aerodynamic diameter rather than Stokes diameter, the BCR 
certified Stokes diameters were converted to aerodynamic 









aerodynamic particle diameter 
Cunningham correction at Stokes diameter 
Cunningham correction at aerodynamic diameter
Stokes p .c
Aerodynamic diameter is defined as the diameter of a 
sphere of unit density that attains the same terminal 
settling velocity at low Reynolds number in still air as the 
actual particle under consideration (17). Therefore, if the 
particle density is one, aerodynamic diameter and Stokes 
diameter are the same. Usually the particle density is not 
known when sampling an aerosol or the particle density may 
be variable. In such cases, aerodynamic diameter is a 
convenient way to express particle size.
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The fly ashes were chosen because of distinctly 
different particle size distributions that were previously 
measured by Coulter Counter, which gives the volumetric 
particle size distribution. The Beulah ash was a baghouse 
hopper ash sample obtained from Run number PTC-BU-275 with 
the EERC pulverized coal-fired particulate test combustor 
and had a volumetric median diameter of 8 iim. Data from a 
previous multicyclone sample during the original test were 
also available for the Beulah ash sample. The Escalante ash 
was obtained from the Escalante power station and was much 
larger in size with a volumetric median diameter of 
approximately 30 /xm. The Escalante ash was specifically 
chosen because of its larger particle size distribution to 
see if the APS would detect the particles in the 15 jxm to 
3 0 jzm range. Volumetric diameter can be converted to 
aerodynamic diameter if spherical particles are assumed and 
the particle density is known. Particle density from the 
Beulah ash was previously measured at 2.6 g/cc. Particle 
density from the Escalante ash was not available, but it 
could reasonably be estimated to be between 2.5 and 3 g/cc 




Results of the 10 EPA Method 5 dust loadings are shown 
in Table 2 and a comparison of the EPA Method 5 results with 
the total dust loading from the APS data is shown in 
Table 3. Looking at Table 2, the ratio of measured dust 
loading to the theoretical dust loading ranged from a low of 
0.23 to a high of 0.51. The first 8 tests were all with a 
DPD flow rate of 43 scfh, which, when combined with a 
dilution air flow rate of 300 scfh, provides a 8:1 dilution 
ratio. As previously mentioned, an 8:1 ratio was desired 
because this is the ratio typically used when the APS has 
been employed for flue gas sampling at the EERC. The data 
indicate no significant effect of dust type on the measured 
ratios when the DPD was at 43 scfh and at 300 scfh dilution 
air. Piston speed also does not appear to significantly 
affect the ratio. The tests with no dilution air were 
slightly lower than corresponding tests at similar 
conditions, but this may be due to random variability. The 
one variable that did have an effect is the DPD flow rate. 
When the DPD flow was increased to 100 scfh for tests 9 and 
10, the ratio increased to 0.45 and 0.51 respectively,
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compared to a mean value of 0.29 for the other 8 tests. The 
confidence interval for the mean of the ratio of 
measured/theoretical values for the first 8 dust loadings 
can be calculated from (22) :
rj = confidence interval for true mean value 
Y = sample mean
t = t-statistic value for n-1 degrees of freedom 
at the a/2 probability 
s = sample standard deviation 
n = number of samples
which yields a 95% confidence interval of 0.29 + 0.04.




Thus, the mean value of the amount of dust reaching the 
sample point, for a DPD flow rate of 43 scfh, can be 
















DUST LOADING SUMMARY FOR EPA METHOD 5
Dust DPD Dilution Piston Theoretical Measured Ratio
Type Flow Air Speed Dust load Dust load Measured/
scfh scfh mm/hr ma/m3 ma/m3 Theoretical
BCR70 43 300 4 559 193 0.35
BCR70 43 300 4 559 161 0.29
BCR70 43 300 4 559 157 0.28
BCR67 43 300 4 616 143 0.23
BCR70 43 0 4 590 165 0.25
BCR67 43 300 4 610 222 0.36
BU275 43 300 2 379 109 0.29
BU275 43 300 20 3790 1224 0.30
BCR67 100 0 2 133 60 0.45
BU275 100 200 2 152 78 0.51
TABLE 3
























1 BCR70 100 25 193 168 14.3 (10) 0.87
2 BCR70 100 25 161 144 8.4 (6) 0.89
3 BCR70 100 25 157 118 15.3 (8) 0.75
4 BCR67 0 90 143 43 1.8 (7) 0.30
5 BCR70 100 175 150 165 12.6 (7) 1.10
6 BCR67 0 90 222 63 2.0 (10) 0.28
7 BU275 0 800 109 127 11.9 (10) 1.17
8 BU275 100 90 1224 1320 110 (8) 1.08
9 BCR67 0 200 60 23 0.7 (10) 0.38
10 BU275 0 1000 78 71 2.0 (6) 0.91
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The result of only about 30% of the theoretical dust 
reaching the bottom of the diluter was unexpected and 
somewhat surprising. An attempt was made to determine why 
this value was low and what happened to the dust that did 
not reach the sampling point. One dust loading was 
completed in which the filter was connected directly to the 
output port of the DPD to determine how closely the DPD 
output concentration matched the theoretical feed rate. The 
result showed that the actual output was only 78% of the 
theoretical rate. An explanation is that the balance of the 
dust was collected on the brush and on the walls of the 
brush chamber of the DPD. In addition, this test included a 
test of the accuracy of the rotameter used to control flow 
to the DPD, by passing the air through the dry gas meter 
after the dust loading filter to measure total sample 
volume. From the rotameter reading and pressure, the 
indicated flow rate was 42.7 acfh compared to 42.3 acfh 
based on the dry gas meter reading and test time. This 
indicated that the rotameter was accurate, at least to the 
accuracy attainable from reading the flow rate from the 
rotameter scale.
After dust loadings 1 through 3, the amount of dust 
collected on the inside surfaces of the diluter was brushed 
off and weighed. This showed that 32% of the dust, based on 
the theoretical feed rate, was deposited on the walls of the
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diluter. Therefore, the 22% that remained in the DPD and 
the 32% on the diluter walls account for 54% of the total.
If the amount reaching the sample point is about 30%, this 
still leaves about 16% of the dust unaccounted for. One 
additional location where some dust collected is the tube 
between the DPD and diluter. While the amount in the tube 
could not be brushed out, cleaning the tube with a 
compressed air nozzle showed that some dust did collect in 
the tube, which could account for the other 16% of the dust.
From Table 2, the percentage of dust reaching the 
sample point was higher when the DPD flow rate was increased 
to 100 scfh from 43 scfh. This effect can be explained 
because the higher flow rate means the dispersing jet 
velocity is higher, which should more effectively remove the 
dust from the brush. In addition, the higher flow rate 
though the tube between the DPD and diluter should reduce 
deposition there. Further statistical analyses of the 
effects shown in Table 2 were not completed, because these 
effects were not a main focus of the overall study.
However, the results show that the actual dust loading can 
be estimated for the given DPD and diluter conditions. The 
estimated dust loadings were sufficiently accurate to set 
sampling parameters for testing the APS, impactor, and 
multicyclone.
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In Table 3 a comparison of the APS dust loadings with 
the EPA Method 5 dust loadings is given. The table also 
shows which tests included the 100:1 APS diluter and the 
actual particle concentration in the APS sensing volume.
The particle concentration is important because 
concentrations must be within specifications to prevent 
significant error due to particle coincidence. The standard 
deviation of the APS results is given along with the number 
of APS samples taken during each dust loading, which ranged 
from 6 to 10. The most important effect of interest is how 
closely the APS results match the EPA Method 5 results as a 
function of dust type. The ratio of APS values/EPA Method 5 
values were compared for each of the three dust types. An 
initial observation indicated that the ratio was close to 1 
for the BCR70 and BU275 dusts, but for the BCR67 dust the 
ratio was much below 1. A t-statistic was calculated to 
compare the mean ratios of the BCR70 and BU275 dusts. The 
resulting t-statistic value of 1.41 for 5 degrees of freedom 
corresponds to a two-sided probability of 0.22 (22%) that 
there is a difference in these mean ratios. While this 
indicates that these ratios could be different, we do not 
have strong confidence that such is the case. Therefore, 
the BCR70 and BU275 dusts were grouped together and compared 
with the BCR67 by calculating another t-statistic. In this 
case, the t-statistic had a value of 7.02 with 8 degrees of 
freedom, which yields a two sided probability of less than
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0.001 that the difference in means is not zero. Therefore, 
we have strong confidence that there is a difference between 
these means. In other words, the confidence level is 
greater than 99.9% that the ratio was different for the 
BCR67 dust compared to the BCR70 and BU275 dusts.
We can also calculate a 95% confidence interval for the 
APS/EPA ratio for the combined BCR70 and BU275 dusts. Using 
Eq.(20), the 95% confidence interval for the mean ratio is 
0.97 + 0.14. These data indicate that, for these dusts and 
conditions, the APS will provide a dust loading that is 97% 
of the correct value with a plus or minus accuracy of 14%.
On the other hand, the data indicate that the accuracy in 
obtaining the correct mass concentration for the BCR67 dust 
is greatly reduced. The obvious reason at this point would 
appear to be the larger particle size of the BCR67 dust. 
While the APS would appear to be correctly determining the 
actual dust loadings (at least to within + 14%) for the 
BCR67 and BU275 dusts, we also want to know how closely the 
APS determines the correct particle size distribution for 
the dusts.
5.2 Particle Size Distribution of BCR70 Dust
The certified particle size distribution of the BCR70
standard test dust is shown in Figure 4, plotted as
54
Figure 4. Certified particle size distribution of BCR70
dust. Dashed lines show the certified level of 
uncertainty for the distribution.
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cumulative percent mass as a function of aerodynamic 
particle size. The plot also includes an overall 
uncertainty interval shown as dashed lines. The uncertainty 
values were supplied with the test dusts and are based on 
the total sample variance, SR2 which is the variance 
calculated from combining the interlaboratory variances and 
intralaboratory variances of the results from the five test 
laboratories. Uncertainty is then defined in the BCR report 
as SR, and is plotted as the mean value of the cumulative 
percent mass for a given particle diameter plus or minus SR.
A summary of the impactor tests is shown in Table 4.
The impactor results also give a total dust loading which is 
compared to the theoretical dust loading, similar to the EPA 
Method 5 tests. The accuracy of the impactor dust loadings 
is not considered as good as EPA Method 5 because a small 
percentage of dust collects on the nozzle stages and is not 
included in the overall collected mass. Therefore, impactor 
results should be slightly less than the actual dust 
loading. The ratios of measured to theoretical dust 
loadings range from 0.08 to 0.44 which is a broader range 
than the EPA Method 5 dust loadings. While the exact ratios 
are not critical to the results, they do help to explain 
measured particle size distributions and will be referred to 
in discussion of results. Impactor Test 1 was connected 
directly to the output of the DPD similar to one of the EPA
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1 BCR70 4 43 NA 0.671 560 410 0.73
2 BCR70 4 43 300 0.662 70.1 12.2 0.17
3 BCR67 4 43 300 0.242 77.3 12.8 0.17
4 BCR70 10 43 300 0.563 180 59.2 0.33
5 BCR70 10 43 300 0.572 180 48.0 0.27
6 BCR70 20 43 300 0.550 361 90.0 0.25
7 BCR67 20 43 300 0.240 382 54.0 0.14
8 BCR67 20 43 300 0.304 382 61.2 0.16
9 BCR67 20 43 300 0.498 382 57.3 0.15
10 BCR67 20 43 353 0.198 331 27.5 0.08
11 BCR67 20 43 353 0.199 331 41.5 0.13
12 BU275 20 43 300 0.401 475 86.8 0.18
13 BU275 20 43 300 0.400 475 96.7 0.20
14 BU275 20 43 0 0.404 3792 1386 0.37
15 ESCL 20 43 300 0.398 428 41.9 0.10
16 ESCL 20 100 0 0.199 1467 640 0.44
17 BCR67 19 100 0 0.395 1260 302 0.24
18 BCR67 20 100 0 0.212 1326 353 0.27
19 BCR67 10 100 0 0.199 663 209 0.32
20 BCR67 5 100 0 0.399 332 102 0.31
21 BU275 6 100 0 0.400 457 132 0.29
22 BU275 10 100 0 0.199 761 309 0.41
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Method 5 dust loadings. This explains why the ratio for 
Test 1 was much higher than the others at 0.73, and compares 
with a ratio 0.78 for the EPA Method 5 dust loading. Again, 
this implies that some of the dust must accumulate on the 
brush and brush chamber in the DPD.
Impactor Tests 2 and 3 had low ratios of only 0.17 and 
also showed that more dust was collected in the final stages 
of the impactor than expected. These first tests were 
conducted with metal foil substrates. Inspection of the 
deposits on the plates revealed that the later stages were 
somewhat •'sandblasted" indicating particle bounce, which 
explains why more dust would be collected in the last stages 
and filter. The low ratio of 0.17 was also an indication 
that enough mass was not collected on each stage to 
accurately determine the dust loading. Therefore, glass mat 
"donut" substrates were used for all subsequent impactor 
tests to minimize particle bounce, and the piston speed was 
increased to increase the dust loading and amount of dust 
collected on each stage. With the new configuration, three 
repeat samples were completed with the BCR70 dust (Tests 4, 
5, and 6), shown in Figure 5. Results of the three tests 
agreed closely with each other and also followed BCR70 
standard closely. The measured mass median diameter from 
the impactor tests was 4.5 /xm compared to the BCR70 standard 
value of 4.7 /urn. There does appear to be a slight deviation
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Figure 5. Comparison of Mark III impactor results with
certified particle size distribution for BCR70
dust.
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from the BCR70 curve for particles larger than 10 nm, but 
overall, the measured particle size distribution of the 
BCR70 dust by the impactor agrees very closely with the 
certified BCR70 particle size distribution. The piston 
speed for impactor Test 6 was 20 mm/hr compared to 10 mm/hr 
for Tests 4 and 5. This is strong evidence that piston 
speed did not significantly affect the particle size 
distribution of the dispersed dust, because Test 6 results 
were identical to results from Tests 4 and 5. APS results 
in which piston speed was changed also showed no difference 
in measured particle size distribution. Therefore, piston 
speed was not a concern for subsequent tests.
A summary of the multicyclone results is shown in 
Table 5. For the first test, 300 scfh of dilution air was 
used, but enough dust was not collected in all of the stages 
to obtain a valid particle size distribution. The low 
measured/theoretical dust loading ratio of 0.20 also 
indicated that not enough dust was collected. One way to 
increase the amount of dust collected is simply to increase 
the sampling time; however, this was undesirable because of 
the limited amount of BCR70 test dusts available. A second 
method is to increase the dust concentration by not using 
dilution air. Therefore, no dilution air was used for 
subsequent multicyclone tests, which increased the 





























1 BCR70 10 43 300 0.618 164 32.1 0.20
2 BCR70 10 43 0 0.611 1440 480 0.33
3 BCR70 10 43 0 0.404 1440 540 0.38
4 BCR70 10 43 0 0.402 1440 517 0.36
5 BU275 20 43 0 0.400 3791 1805 0.48
a factor of 8 at the same piston speed. Results of three
repeat multicyclone tests with the BCR70 dust are shown in
Figure 6. For Tests 3 and 4 the multicyclone flow rate was 
set at about 0.4 acfm, which resulted in a d50 cut point for 
the first cyclone of 10 /zm, compared to 0.6 acfm for Test 2 
which resulted in a d50 cut point for the first cyclone of 
7.6 /xm. The multicyclone results show more data scatter 
than the impactor results, but follow the BCR70 standard 
fairly closely. For example, the multicyclone results 
showed the mass median diameter to range from 4.2 /xm to
5.3 /zm compared to 4.7 /zm as the certified value for the 
BCR70 standard.
Results of the APS tests with the BCR70 dust are shown
in Figure 7. The graph shows five different APS samples
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Figure 6. Comparison of multicyclone results with certified
particle size distribution for BCR70 dust.
62
Figure 7. Comparison of APS results with certified particle
size distribution of BCR70 dust.
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taken at different periods (i.e., they were not 5 sequential 
tests). One APS result was selected randomly from each of 
EPA Method 5 dust loadings Numbers 1, 2, 3, and 5 (refer to 
Table 3), and one additional APS sample was selected from 
APS tests with BCR70 dust when dust loadings were not being 
conducted. The 5 APS results were all in very close 
agreement with each other, but the measured particle size 
distribution was somewhat smaller than the BCR70 standard. 
The close agreement of the impactor and multicyclone results 
with the BCR70 standard was an indication that the powder 
was dispersed into its original distribution. From the 
tight curve defined by the APS results, we can conclude that 
the difference between the APS results and the BCR70 curve 
was not caused by random sampling variability. Rather it 
appears that the APS results are biased to give a smaller 
particle size distribution than the actual curve.
To analyze reasons why the APS may be giving biased 
results requires further discussion of the factors that 
determine the calculated particle size distribution in the 
APS. First, when the APS diluter is used, a sampling 
efficiency correction curve is employed to compensate for 
sampling losses that occur in the small diluter nozzle. The 
APS diluter correction curve is part of the data handling 
software of the APS system and is normally incorporated when 
the diluter is employed. Since all of the APS BCR70 tests
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were with the 100:1 diluter, the diluter efficiency 
correction was employed in the APS calculations. Therefore, 
diluter efficiency correction is a possible source of error.
A second consideration in interpreting the APS results 
is the two different particle measuring schemes for large 
and small particles. Small particles between 0.5 jim and
5.4 jum are sized and counted exclusively with a 2- 
nanosecond-resolution timer. Larger particles from 15 jim to 
3 0 jxm are sized and counted with a Large Particle Processor 
(LPP) that employs a 66 nanosecond (ns) timer. Particles 
between 5.4 /xm and 15 jim are measured by combining data both 
from the 2 ns and 66 ns timers as shown in Table 6. To 
accurately measure particles in the range of 5.4 jum to 
15 jim, the data from both timers must be correct. The 
channel numbers referred to in Table 6 are particle count 
channels in the data storage files. Looking at the raw data 
files for the APS samples revealed no particle counts in 
channel numbers 63 to 77, which means that the LPP did not 
detect any particles. Therefore, the effect on the measured 
particle size distribution with the APS would be bias toward 
smaller sizes as the data show. The reason why the LPP did 
not detect any particles is not clear, but most likely is 
because of the rejection criteria employed. The LPP uses 
much more severe rejection criteria to prevent two or more
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TABLE 6
APS PROCEDURE FOR MERGING DATA FROM OVERLAP REGION
Size (wm) 2 ns timer 66.7 ns timer
5.42 (channel #36 X 15/16) + (channel #63 X 1/16)
5.82 (channel #37 X 14/16) + (channel #64 X 2/16)
6.26 (channel #38 X 13/16) + (channel #65 X 3/16)
6.73 (channel #39 X 12/16) + (channel #66 X 4/16)
7.23 (channel #40 X 11/16) + (channel #67 X 5/16)
7.77 (channel #41 X 10/16) + (channel #68 X 6/16)
8.35 (channel #42 X 9/16) + (channel #69 X 7/16)
8.97 (channel #43 X 8/16) + (channel #70 X 8/16)
9.69 (channel #44 X 7/16) + (channel #71 X 9/16)
10.3 (channel #45 X 6/16) + (channel #72 X 10/16)
11.1 (channel #46 X 5/16) + (channel #73 X 11/16)
11.9 (channel #47 X 4/16) + (channel #74 X 12/16)
12.8 (channel #48 X 3/16) + (channel #75 X 13/16)
13.8 (channel #49 X 2/16) + (channel #76 X 14/16)
14.8 (channel #50 X 1/16) + (channel #77 X 15/16)
small particles being counted as a large particle. It 
rejects pulses and pulse pairs that do not meet the 
following rules (23):
1) Both pulses in the pair must exceed an amplitude 
of 3 volts.
2) No pulse greater than 0.5 volt may occur less than
8.4 microseconds before the first pulse of the 
pulse pair; or within 8.4 microseconds of the 
trailing edge of the second pulse in the pulse 
pair; or between pulses.
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3) The measured transit time for the pulse pair must 
be less than 8.4 microseconds.
Because of these criteria, if smaller particles are in the 
sampling volume at about the same time as the large 
particle, the LPP will reject the signal and the large 
particle will not be counted. Therefore, it may be 
difficult for the APS to accurately measure large particles 
when a sufficient number of small particles are present. 
Particle concentrations, however, during samples from EPA 
Method 5 dust loading Tests 1, 2, and 3 were only about 25 
particles/cc. The actual particle concentration in the APS 
sensing volume is a factor of 5 less than this because only 
1 liter/min of the 5 liters/min sampled goes through the 
inner nozzle, while the other 4 liters/min is filtered and 
exits the outer nozzle. A flow rate of 1 liter/min through 
the inner nozzle and a particle concentration of 5 
particles/cc corresponds to a sampling rate of 83 
particles/second or 0.012 second between particles. From 
the rejection rules we know that we need at least 8.4 
microseconds before a large particle and 8.4 microseconds 
after a large particle, in addition to 5.5 microseconds 
transit time, for a 30 jun particle. Therefore, a minimum 
time between particles to avoid the rejection criteria is 
22.3 microseconds. This is a factor of 538 times less than 
the actual 0.012 second between particles sampled, and
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appears to indicate that the larger particles should not be 
rejected because of this time interval criteria. While we 
don't know the pulse height, there is no obvious reason why 
the particles were not detected with the LPP for the BCR70 
dust. For example, combining all of the 7 APS files from 
Dust Loading Number 5 resulted in particle counts ranging 
from 163 counts in channel 50 corresponding to 14.9 jim for 
the 2 ns timer to 409 counts in channel 36 corresponding to
5.4 /im for the 2 ns timer. However, for the entire range 
from 5.4 /zm to 14.9 /zm for the LPP, there was not one count 
in any of channels 63 through 77. This implies that, for 
some reason, the LPP was rejecting all of the data. There 
is no obvious reason why this occurred because the particle 
concentrations were low enough so that listed rejection 
rules should not have been in effect. Apparently, the LPP 
rejected all of the particles for a reason that is not 
obvious.
The BCR70 standard curve shows that only about 5% of 
the particle mass is larger than 15 jum, which means that the 
APS should be capable of providing a fairly accurate 
particle size distribution of the BCR70 dust even if no 
particles are detected in LPP. However, a correction must 
be supplied to account for the data merging procedure listed 
in Table 6. In addition, further adjustment of the diluter 
efficiency curve may be necessary to make the APS data more
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closely fit the BCR70 standard curve. Before discussion of 
results to adjust the diluter efficiency to make APS agree 
with the BCR70 standard, it should be mentioned that TSI has 
continued efforts to account for efficiency losses in the 
main APS nozzle as reported by Blackford et al. (24). 
Blackford et al. reported results to measure the actual 
sampling efficiency with monodisperse liquid particles, and 
presented an efficiency correction curve. These experiments 
were with liquid particles and Blackford et al. caution 
that, for solid particles, the sampling efficiency may 
actually be higher. Nevertheless, the new Blackford et al. 
efficiency curve was implemented, because preliminary 
results showed that the APS was significantly lower in 
measured mass median diameter than the accepted BCR70 value. 
The total efficiency correction, then, is the result of 
multiplying the efficiency correction from the 100:1 diluter 
nozzle by the new Blackford et al. APS nozzle efficiency 
correction. The as-tested results in Figure 7 are with the 
total efficiency correction. In Figure 8, one of the 5 APS 
tests is replotted with only the original 100:1 efficiency 
correction for comparison. The effect of the Blackford 
et al. correction is clear, but does not appear to be nearly 
enough to make the APS agree with the BCR70 standard curve.
Further modifications were made to the efficiency 
correction in this study by importing the raw APS files into
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Figure 8. Comparison of APS results with results using 
original D100 efficiency correction file.
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a Lotus 1-2-3 Release 3 worksheet. Files from EPA Method 5 
dust loading No. 5 were chosen, because these APS tests were 
conducted without extra dilution, resulting in much higher 
particle counts in each channel, to get the best statistical 
distribution of counts. Comparison of these results with 
APS results, when the 300 scfh of dilution air was used, 
showed no noticeable difference in measured particle size 
distribution or total dust loading, so this data set was 
representative of APS results with the BCR70 dust. The 7 
sample files from the APS data during dust loading No. 5 
were totaled to maximize the number of particle counts in 
each channel to obtain the best statistical distribution. 
This is especially important for the larger particle sizes, 
because a small error in particle count is cubed when the 
particle count data is converted to mass data. There were 
three goals in adjusting the efficiency correction values 
for each channel. The first was to obtain a particle size 
distribution that closely matched the BCR70 standard curve; 
second, the correct total dust loading must be maintained; 
and, third, the differential particle size distribution 
would have to follow a smooth curve. The efficiency 
corrections were made by trial and error with on-line graphs 
of either the cumulative distribution superimposed on the 
BCR70 standard distribution or on the differential percent 
mass distribution. When possible corrections were made to 
all the channels, they were incorporated into the APS
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dilution file and the APS program was run to determine if a 
reasonable total dust loading was obtained. After a number 
of iterations, an APS curve that matched the BCR70 standard 
curve was obtained, shown in Figure 9. A comparison with 
the original APS results and Blackford et al. modified (as 
tested) results is shown in Figure 10. While the match is 
not perfect, it lies within the uncertainty interval of the 
BCR70 dust. The APS curve has been normalized to 95% at 
15 /urn, because the BCR7 0 standard curve indicates that 5% of 
the mass is larger than 15 jim and the APS is not measuring 
any mass larger than 15 jim. The differential distribution, 
plotted from the Lotus file, is shown in Figure 11. The 
distribution peaks at approximately the mass median diameter 
of 4.7 /im and follows a reasonably smooth curve. No changes 
were made to the efficiency curve for particles smaller than 
3.8 jtm, because the TSI efficiency data show that sampling 
efficiency is near 100% for the smaller particles. An 
attempt was made to gradually increase the efficiency 
corrections for each successive channel because logically, 
if sampling efficiency is a function of particle size, it 
should follow a smooth curve. The abrupt drop of 
differential percent mass at 15 jim in Figure 10 accounts for 
the fact that the APS did not measure correctly the 5% of 
mass larger than 15 jim. The true differential distribution 
would follow a smooth curve from a differential mass of 1.7% 
at 15 jim and approaching 0% at 3 0 jim. The values for
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Figure 9. Comparison of modified APS results with certified 
particle size distribution of BCR70 dust.
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Figure 10. Comparison of modified APS results with
certified particle size distribution of BCR70 
dust, with as-tested APS results, and with 
original APS efficiency corrections.
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C O R R E C T E D  M A S S  D IS T R IB U T IO N  F O R  B C R 7 0  D U S T
Figure 11. Differential mass particle size distribution for 
modified APS results with BCR70 dust.
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efficiency corrections for the original TSI D100 file, the 
TSI D100 file modified by Blackford et al., and the 
efficiency correction from this study for the D100 
efficiency correction file are shown in Appendix B. After 
the final iteration, the new efficiency correction resulted 
in a measured dust loading that was increased by 6% from the 
uncorrected results. From Table 3, the average ratio of 
APS/EPA 5 dust loadings was 0.90 for the BCR70 tests. 
Increasing this value by 6% results in a ratio of 0.95, 
which is exactly what would be expected because the APS did 
not measure the 5% of mass larger than 15 jim. While the 
variability of the ratio is unchanged, the results show that 
the goals of correct particle size distribution, correct 
dust loading, and smooth differential distribution were 
attained. These results apply only when 100:1 APS diluter 
is employed and only for this dust. Hopefully, the new 
efficiency curve will provide improved accuracy in measuring 
the particle size distribution and dust loading for other 
dusts, but this generalization cannot be assumed. The APS 
measured dust loading from a previous test, sampling flue 
gas from the particulate test combustor at the EERC, was 
2700 mg/m3, while the EPA Method 5 dust loading was 
12,800 mg/m3. The aerodynamic mass median diameter of the 
dust from Coulter Counter results was 17 /xm. Since the 
100:1 APS diluter was used, no counts were found in the LPP 
channels so the APS dust loading would have been based only
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on particles in the range of 0.5 jxm to 15 /jltci. This range 
should have represented about 45% of the total dust or 
5760 mg/m3. Using the new efficiency correction, the APS 
dust loading was approximately 5600 mg/m3, which represents 
a major improvement in dust loading accuracy. Tests with 
the other dusts, however, will show that the new efficiency 
corrections must be applied with caution.
5.3 Particle Size Distribution of BCR67 Dust
The certified particle size distribution of the BCR67 
standard dust is shown in Figure 12 along with results from 
the first five impactor tests with the BCR67 dust. The 
certified curve for the BCR67 standard is again shown with 
uncertainty intervals, provided as part of the certification 
report, similar to the BCR70 dust. The BCR67 dust is 
considerably larger in particle size than the BCR70 dust, 
but most of the dust is within the particle size range of 
0.5 iim to 3 0 /urn that the APS can handle. Impactor results 
shown in Figure 12 for Impactor Tests 7 - 1 1  are in 
reasonably close agreement with each other but give a mass 
median diameter of about 13 /xm compared to a mass median 
diameter of 16.8 /xm for the BCR67 standard curve. This 
result was surprising because of the good agreement between 
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Figure 12. Comparison of five initial impactor results with 
certified particle size distribution of BCR67 
dust.
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Table 4, the measured/theoretical dust loading ratio was 
much lower for Impactor Tests 7 - 1 1  compared to Tests 4 - 
6. This was an indication that, for some reason, the 
impactor was not seeing all of the particulate mass present.
One suspected reason for the low dust loadings was that 
Tests 7, 8, and 9 were conducted at above isokinetic 
conditions. Particulate sampling should ideally be done 
isokinetically which means that the gas velocity in the 
nozzle is the same as the gas velocity in the main stream. 
When particulate sampling is conducted in a flue gas duct, 
gas velocity is usually measured with a pitot tube and the 
sampling rate, based on the nozzle diameter and flue gas 
velocity, is set to provide the same nozzle velocity as the 
main stream velocity. The purpose for isokinetic sampling 
is to ensure that a representative sample of the particle 
size distribution in the main stream is taken. If sampling 
is done above isokinetic conditions (i.e., nozzle velocity 
is greater than the main stream velocity), some of the 
larger particles may miss the nozzle because of their higher 
inertia. At above isokinetic conditions, gas streamlines 
upstream of the nozzle must converge and accelerate to enter 
the nozzle. Larger particles that are suspended in the 
outer gas streamlines may have enough inertia to cross the 
gas streamlines, as the streamlines converge, and miss the 
nozzle. This effect results in a reduced total dust loading
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and an erroneous particle size distribution that is biased 
toward smaller particles. The reverse effect occurs when 
sampling is at under isokinetic conditions. In this case, 
some of the gas streamlines must separate to by-pass the 
nozzle and a disproportionate number of high-inertia 
particles may enter the sampling nozzle. This produces an 
apparent increased dust loading and a particle size 
distribution that is biased toward larger particle sizes.
The level of error caused by anisokinetic sampling depends 
mainly on the particle size and gas velocity, and to a 
lesser extent the nozzle size. Typical flue gas velocity in 
a duct downstream from a coal-fired boiler is 50 ft/s, and 
maintaining isokinetic sampling is more important than at 
lower velocities, such as in the diluter at the sampling 
point in this study where the velocity was only 2.1 ft/s at 
a total flow rate of 343 scfh. Under conditions of very low 
velocity, it sometimes is not practical to sample 
isokinetically, and, in the limit of velocity approaching 
zero, isokinetic sampling is meaningless. For example, 
particulate sampling from still ambient air cannot be done 
isokinetically, even though a valid sample can still be 
obtained that represents the actual particle size 
distribution of aerosols in ambient air.
Because of concern that anisokinetic conditions might 
be causing the low dust loading and bias in the measured
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particle size distribution, impactor Tests 10 and 11 were 
conducted at exactly isokinetic conditions. This was 
accomplished by increasing the total flow from 343 scfh to 
396 scfh and setting the impactor sampling flow rate to 0.20 
acfm for the 0.50-inch-diameter impactor nozzle. Results 
shown in Figure 12, however, do not indicate any obvious 
difference from the previous three impactor tests.
Therefore, the lack of isokinetic sampling was ruled out as 
the cause of low dust loading ratio and biased particle size 
distribution, at least for this group of tests.
Subsequent impactor tests with the BU275 ash (Tests 12 
and 13) also resulted in a lower than expected dust loading 
ratio. The next test (Test 13) was conducted without 
dilution air to determine if the presence of dilution air 
might be biasing the dust loading ratio. Results showed 
that the ratio almost doubled, from 0.18 and 0.20 with 
dilution air to 0.37 without, when dilution air was not 
used. A possible cause for this effect could be the 
presence of cyclonic flow induced by the dilution air. A 
flashlight was held at the bottom of the diluter chamber 
without the impactor present to look for possible cyclonic 
action. A small vortex was visible in the center indicating 
the presence of cyclonic flow when 300 scfh of dilution air 
was used. This would likely cause the larger particles to 
migrate to the wall of the diluter where they would not be
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sampled by the impactor, and appeared to be a likely 
explanation why the dust loading ratios were low. To verify 
this effect, impactor Tests 15 and 16 were conducted with 
the Escalante ash with and without dilution air. The 
Escalante ash was known to have a larger particle size 
distribution and if cyclonic flow was present, the 
separation of the larger particles should be even more 
pronounced with the Escalante ash. The dust loading ratio 
increased from 0.10 with dilution air to 0.44 without 
dilution air verifying the effect. Inspection of the first 
stage of the impactor, with dilution air, showed very few 
large particles, while, without dilution air, heavy deposits 
of large particles were present on the first stage, as 
expected. This was further evidence that the dilution air 
was causing cyclonic flow significant enough to seriously 
affect results for larger particle sizes. Earlier APS 
results with the BCR70 dust showed no difference in measured 
particle size distribution or dust loading when the dilution 
air was not used. In addition, with the BCR70 dust, 
impactor tests were conducted with dilution air and 
multicyclone tests were conducted without dilution air, and 
both the impactor and multicyclone results agreed closely 
with the certified particle size distribution of the BCR70 
standard. Therefore, evidence showed that cyclonic flow did 
not significantly affect results with the BCR70 dust. This 
is not surprising because of the much smaller particle size
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distribution of the BCR70 dust compared to the BCR67 dust.
Four additional impactor runs (Tests 17 - 20) with the 
BCR67 dust without dilution air were completed to obtain 
valid impactor results without bias because of cyclonic 
flow. Results are shown in Figure 13. The dust loading 
ratios for Tests 17 - 20 increased significantly from the 
tests with dilution and matched closely the ratios for the 
BCR70 dust. For these tests the flow rate through the DPD 
was increased to 100 scfh so that particulate sampling would 
be closer to isokinetic. An even higher DPD flow rate would 
have been desirable to more closely achieve isokinetic 
sampling, but 100 scfh was close to the maximum flow the DPD 
could handle at reasonable pressures. Results from Tests 17 
- 20 show that the impactor, without dilution air, gives a 
particle size distribution closer to the BCR67 standard 
curve. The four tests do, however, have some data scatter 
especially for the upper two stages. Looking at sampling 
conditions (from Table 3) reveals that the two tests at 0.2 
acfm fell to the right of the BCR67 standard curve for the 
last two stages while the two tests at a sampling flow rate 
of 0.4 acfm fell to the left of the BCR67 standard curve.
The reason for this difference is not clear but may be 
related to the sampling rate compared to the total flow rate 
through the diluter. Sampling with the lower flow rate is 











Figure 13. Comparison of four additional impactor results 
with certified particle size distribution of 
BCR67 dust after correction of cyclonic flow.
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both cases sampling is considerably above isokinetic. At a 
sampling flow rate of 0.2 acfm and a 1/2-inch nozzle, with 
100 scfh total flow rate through the diluter, the nozzle 
velocity is 4 times the velocity in the diluter and at 
0.4 acfm sampling rate, nozzle velocity is 8 times greater. 
While this is a significant deviation from isokinetic 
conditions, it must be remembered that the actual velocity 
in the diluter is only 0.62 ft/s. Referring to Eq.(9), this 
corresponds to a stopping distance of only 0.03 inch for a 
35 /xm particle. This means that, even with an abrupt change 
in streamline direction, the maximum distance a 35 /xm 
particle would deviate from the streamline, because of 
particle inertia, would be only 0.03 inch. The stopping 
distance at a velocity of 50 ft/s would be 2.4 inches for 
the same particle. At a nozzle velocity 4 times greater 
than the main gas stream velocity, for a 1/2-inch nozzle, 
the outside streamlines would have to deviate only 0.25 inch 
to enter the nozzle, based on the continuity equation, 
assuming velocity times area is constant. The 1/2-inch 
nozzle can be considered to be sampling a 1-inch-diameter 
cylinder of gas at a finite distance upstream from the 
nozzle. At low velocities, the streamlines will start to 
deviate at a considerable distance upstream of the nozzle, 
which means that the expected deviation of a 35 /xm particle 
would be considerably less than 0.03-inch stopping distance. 
Even at a nozzle velocity 8 times the main gas velocity, as
J
in the case of sampling at 0.4 acfm, the maximum required 
streamline deviation is only 0.45 inch, which, if allowed to 
occur gradually, will not result in significant particle 
separation for low velocities. However, at high velocities 
such as 50 ft/s where the particle stopping distance is over 
2 inches for a 35 nm particle, significant error because of 
anisokinetic sampling would be expected.
Another possible reason why the impactor results 
apparently were affected by sampling flow rate is that the 
larger particles have a gravitational settling velocity that 
is within an order of magnitude of the velocity through the 
diluter chamber. For example, the actual gas velocity at 
100 scfh was 0.62 ft/s or 19 cm/s compared to a settling 
velocity of 3.8 cm/s for a 35 /zm particle. Therefore, as 
streamlines gradually converge to enter the nozzle, the 
downward gravitational force will tend to make the particles 
cross streamlines. The gravitational effect is not rapidly 
dissipated like the inertial effect described by particle 
stopping distance. In fact, with lower gas velocities, the 
ratio of gravitational settling velocity to gas velocity 
becomes greater, whereas the inertial effect diminishes with 
decreasing gas velocity. This effect might explain why not 
as much mass as expected was collected in the first impactor 
stage at the higher flow rate. However, if this effect was 
significant, it should have also affected the tests at the
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lower flow rate and the first stage data points should have 
fallen slightly to the left of the BCR67 standard curve 
rather than to the right, as shown in Figure 13.
One final consideration is the sharpness of the d50 cut 
point for the first impactor stage. Since the first stage 
consists of a single 1/2-inch-diameter nozzle, at decreasing 
flow rates, the cut point may become less well defined, and 
offers another possible explanation for the first stage data 
scatter. In spite of the data scatter shown in Figure 13, 
the impactor curves follow the BCR67 reasonably closely, and 
if all of the impactor results were averaged the agreement 
would be very close. This would lead to the conclusion that 
to obtain the best impactor results several repeat tests 
should be completed at different flow rates.
Multicyclone tests were not completed for the BCR67 
dust because the cut point of the first cyclone is 10 nm at 
the lowest flow rate of 0.4 acfm used with the BCR70 dust. 
Since only about 15% of the BCR67 dust is smaller than 
10 iim, a valid particle size distribution for the bulk of 
the BCR67 dust would not be obtained with the multicyclone.
Extensive APS sampling was completed with the BCR67 
dust. With the larger sized BCR67 dust, there were fewer 
particles present for the same mass concentration compared
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to the BCR70 dust, which allowed operation of the APS 
without the 100:1 diluter. Initial APS samples taken during 
EPA Method 5 dust loadings 4 and 6 (see Table 3) resulted in 
respective APS/EPA 5 dust loading ratios of 0.30 and 0.28 
and mass median diameters of about 7.7 jxm. The low dust 
loading ratios were an indication that the APS was missing a 
considerable portion of the dust. Since Dust Loadings 4 and 
6 were conducted with dilution air, some cyclonic flow would 
likely have contributed to the low dust loading ratio and 
biased particle size distribution. To screen out the effect 
of cyclonic flow, APS tests were repeated during Dust 
Loading 9 in which no dilution air was used. In this case, 
the APS/EPA 5 dust loading ratio increased to 0.38, but was 
still much lower than expected. The mass median diameter 
increased from 7.7 /im to 8.7 fxm, but was still much lower 
than the 16.8 fim certified mass median diameter for the 
BCR67 dust. This was a clear indication that the APS was 
not correctly sizing the particles, even though a valid 
sample should have been delivered to the APS.
A procedure similar to that employed to modify the APS 
efficiency correction for the BCR70 dust was used here. The 
10 raw data files from the APS samples taken during Dust 
Loading 9 were imported to a Lotus worksheet and combined to 
get the best statistical distribution of particle counts in 
each channel. Inspection of the counts in each channel
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revealed that there were counts in channel numbers 51 - 60 
corresponding to the LPP range of 15 p  to 30 p .  A plot of 
the raw counts per channel is shown in Figure 14. There is 
a noticeable discontinuity in the plot at 15 /xm 
corresponding to the break between the 2 ns timer and LPP. 
This implies that LPP is rejecting a significant portion of 
the larger particles. Nevertheless, other than the 
discontinuity at 15 /xm the data follow a smooth curve, which 
means that it should be possible to apply an efficiency 
correction to make the data fit the BCR67 standard curve. 
Again, the goal was not only to obtain the correct particle 
size distribution, but also to obtain a smooth differential 
mass distribution and the correct total dust loading.
Results of the efficiency correction effort, shown in 
Figure 15, reveal that the corrected APS curve follows the 
BCR67 curve closely. The APS curve was normalized to 89% at 
28.4 /xm (the midpoint of the largest APS channel), because 
the BCR67 dust has 11% of the mass larger than this size. 
Comparing the APS results in Figure 15 during Dust 
Loading 9, before and after the modification, shows the 
significant effect of the efficiency correction. Actual D1 
file efficiency corrections for each channel are shown in 
Appendix B along with the original TSI and TSI D1 files 
modified by Blackford et al.. With the new efficiency 
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Figure 15. Comparison of modified and as-tested APS results
with certified particle size distribution for
BCR67 dust.
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sizes through 28.4 jxm. This compares with the EPA Method 5 
dust loading of 60 mg/m3. Since only 89% of the mass was 
less than 28.4 /im, for exact agreement with the EPA 5 
result, the APS dust loading should have been 53.4 mg/m3.
The APS dust loading, however, is reasonably close, within 
8% of the expected value from the EPA 5 results.
One additional factor that affects the ability of the 
APS to give the correct dust loading is particle shape. The 
APS calculates a geometric diameter from the aerodynamic 
diameter and particle density assuming perfect spheres. The 
mass of each particle is then calculated and all of the 
particle mass summed to obtain the total dust loading.
Error may be introduced if the particles are not perfect 
spheres. Scanning electron micrographs of the BCR67 dust 
shown in the BCR certification report reveal that the 
particles are not spheres, but are somewhat irregular. 
Irregular particles may cause some error in the dust loading 
calculation, but the extent is not clear. The presence of 
irregular particles, however, should not cause error in the 
measured particle size distribution with the APS, because 
the original pipette method measured Stokes diameter and the 
APS measured aerodynamic diameter which is simply Stokes 
diameter corrected to unit density. With the new efficiency 
correction, the APS produces the correct particle size 
distribution and dust loading for the BCR67 dust. The
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question, however, is whether the efficiency correction is 
general enough to apply to other dusts.
5.4 Particle Size Distribution of BU275 Dust
Impactor and multicyclone results for the BU275 dust 
are shown in Figure 16. Impactor tests 12 and 13 were 
conducted with dilution air and may have been biased toward 
smaller sizes because of cyclonic flow. Impactor Tests 14, 
21, 22, and Multicyclone Test 5 were all without dilution 
air and should represent valid sampling. Therefore, these 
tests should represent the actual particle size distribution 
for the BU275 dust within the variability limitations of 
these methods. Mass median diameter from the multicyclone 
data was 10 /Lim and mass median diameter from the impactor 
data ranged from 11 /im to 14 jiim. Since we have no certified 
particle size distribution for this dust, the actual 
accuracy of the data cannot be assessed. However, Coulter 
Counter data were available for the BU275 ash when the ash 
was originally generated. The Coulter Counter data showed 
the volumetric median diameter to be about 8 /xm, which, when 
converted to aerodynamic diameter for a particle density of 
2.6 g/cc, corresponds to an aerodynamic mass median diameter 
of 12.9 /itm. Therefore, the impactor and Coulter Counter 
data are in close agreement.
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Figure 16. Impactor and multicyclone results with BU275 
dust.
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APS raw data files taken during Dust Loading 10, were 
again imported to a Lotus worksheet and combined to obtain a 
better statistical particle size distribution. Figure 17 
shows the result of applying the new efficiency correction 
from the BCR67 data to the BU275 dust, and also shows the 
APS results before the modified efficiency correction. Mass 
median diameter for the corrected APS results was 13 /xm, 
which is in good agreement with the impactor and Coulter 
Counter data. This compares with a mass median diameter of 
only 6 fjLia for the uncorrected APS data. The corrected APS 
data was normalized to 89% at 28.4 /xm based on an 
approximate extrapolation of the impactor curves. From 
these results, it would appear that the new efficiency 
correction is a major improvement in obtaining the correct 
particle size distribution for the BU275 dust. Closer 
examination of the modified APS curve in Figure 17, however, 
shows that it deviates somewhat from the impactor curves in 
the range from 2 /xm to 10 /xm, and that there is a 
discontinuity in the curve at 15 /xm.
Additional sampling information will help in further 
analyzing the APS results. Initial APS tests with the BU275 
ash were conducted with the 100:1 diluter, which resulted in 
particle concentrations of approximately 75 particles/cc. 
However, results showed very few counts in the LPP channels 
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Figure 17. Comparison of modified and as-tested APS results 
with impactor and multicyclone results with 
BU275 dust.
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particles sized from 15 to 30 nm was not possible. 
Subsequent tests were completed with the 20:1 diluter in an 
attempt to increase the number of counts in the LPP 
channels. Several tests were conducted at increasing piston 
speeds to bring the total particle concentration up to 1000 
particles/cc, but few particles were again found in the LPP 
channels. It was found that the particle concentration 
could be increased up to 1000 particles/cc without affecting 
the measured mass median diameter. Similar APS tests with 
the BCR67 dust showed that particle concentrations up to 
1300 particles/cc could be tolerated without affecting the 
measured mass median diameter. In addition, APS tests with 
the BCR70 dust showed that concentrations up to 500 
particles/cc did not affect the particle size distribution, 
and at 1000 particles/cc the effect was minimal. Low 
sampling efficiencies with the 100:1 or 20:1 diluter nozzles 
were thought to be possible reasons why few large particles 
were measured with the APS. Therefore, tests were conducted 
without the APS diluter to determine if this would produce 
more counts in the LPP channels. However, some dilution air 
was necessary to keep the particle concentration below 1000 
particles/cc. A vortex shedder was installed in the diluter 
to eliminate the possibility of any cyclonic flow, and tests 
were conducted at 100 scfh through the DPD and an additional 
200 scfh of dilution air. These conditions resulted in 
particle concentrations of about 1000 particles/cc at the
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lowest piston speed of 2 mm/hr. Now, more particles were 
detected in the LPP channels such that a good statistical 
distribution was attained when the files were combined.
The raw particle count data for the combined BU275 
files are shown in Figure 18. The first three channels in 
the LPP, starting at 15 ^m, have lower particle counts than 
the larger sizes. It is very unlikely that the actual 
distribution has a minimum at this particle size; rather, 
this result must be an artifact of the LPP rejection 
procedure. Particle concentrations of 1000 particles/cc are 
much higher than recommended for the APS and the possibility 
exists that, at this high concentration, the LPP suppresses 
the first few channels. Longer sampling intervals at 
reduced particle concentrations would determine if this 
suppression occurred at lower particle concentrations. The 
entire system, however, would have to have been 
significantly modified to perform such tests so they were 
not completed. The APS total dust loading from the combined 
BU275 files, using the modified efficiency corrections, was 
120 mg/m3 compared to the EPA Method 5 dust loading of 
78 mg/m3, which means that the APS overestimated the dust 
loading by approximately 50%. This would indicate that some 
of the counts in the larger particle channels might be 
caused by coincidence error, and again, suggests that 
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Figure 18. Particle count per channel raw data for combined 
APS files for BU275 dust.
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concentrations to determine if coincidence error is causing 
a higher dust loading. These results demonstrate a 
limitation of the APS to provide a correct particle size 
distribution over the entire range from 0.5 /m to 3 0 /zm, 
when a large number of small particles are present. High 
particle concentration demands that the APS diluter be 
employed. The sampling efficiency of the diluter, however, 
is reduced for larger particles so that enough large 
particles may not be collected to obtain a valid statistical 
distribution. The problem can be partially solved by very 
long sampling periods, but this defeats the short sampling 
time advantage of the APS. While the efficiency correction 
greatly improved the accuracy of the APS to provide the 
correct particle size distribution for the BU275 dust, 
correct determination of total dust loading was not 
simultaneously achieved at the high particle concentration 
of 1000 particles/cc.
5.5 Particle Size Distribution of Escalante Fly Ash
Only one valid impactor test was completed with the 
Escalante ash, which showed that 53% of the mass was larger 
than the 2 6 /zm cut point of the first impactor stage, and 
implied that the mass median diameter was about 28 jzm. This 
dust clearly had a large portion of mass between 15 jzm and 
3 0 /Lzm, which is why it was chosen for testing with the APS.
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Results of the impactor and APS tests are shown in 
Figure 19. Since the impactor data showed about 50% of the 
mass to be larger than 28.4 /xm, the corrected APS data were 
normalized to this value to see how closely they matched the 
impactor data. The corrected results do not follow the 
impactor curve perfectly, but are reasonably close to it.
The modified APS data are also shown when they have not been 
normalized to 50% for comparison with the APS results with 
the TSI Blackford et al. modified D1 efficiency correction. 
These are the results that would be obtained with the APS if 
no other information about the actual particle size 
distribution was available. Clearly the modified efficiency 
correction provides a much more accurate particle size 
distribution. Dust loading was not completed simultaneous 
to the APS samples, but an approximate dust loading can be 
inferred from the impactor dust loading. At a piston speed 
of 20 mm/hr the dust loading measured by impactor Test 16 
was 640 mg/m3, which would correspond to 64 mg/m3 at the 
2 mm/hr piston speed used for the APS samples. The dust 
loading from the corrected APS data was 90 mg/m3 which 
overestimates the dust loading, similar to the BU275 APS 
results. Since the APS measures only about 50% of the dust, 
the expected APS dust loading should be only about 50% of 
actual dust loading. Therefore it appears that the APS dust 
loading is 2 to 3 times larger than expected. A plot of the 
raw data particle counts per channel is shown in Figure 20.
Comparing with the count data from the BU275 tests in Figure 
18 shows the same effect of suppressed counts in the first 
few channels of the LPP. This effect, along with the 
greater than expected dust loading, suggest that the 
particle concentration of 800 - 1000 particles/cc may have 
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Figure 19. Comparison of modified and as-tested APS results
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Figure 20. Particle count per channel raw data for combined 
APS files for Escalante dust.
6.0 CONCLUSIONS AND RECOMMENDATIONS
With the original efficiency correction curves, the APS 
did not determine the correct particle size distribution (on 
a mass basis) for any of the test dusts. The least 
deviation from the correct mass median diameter was for the 
BCR70 dust, which had the smallest particle size 
distribution. The Mark III impactor results were in close 
agreement with the BCR67 and BCR70 certified particle size 
distributions. The Flow Sensor multicyclone results were 
also in close agreement with the BCR70 certified particle 
size distribution. From these results, we can conclude that 
both the impactor and multicyclone are good instruments to 
determine the particle size distribution of suspended dusts. 
Both impactors and the multicyclone, however, have 
advantages and disadvantages. The main constraint with the 
multicyclone is that the dust loading or sampling time must 
be great enough to collect enough sample in each stage for 
accurate sample collection and weight determination. The 
multicyclone is also limited in that it has only about a 1- 
order-of-magnitude range between the cut points of the first 
and last cyclone stages. The Mark III impactor covers a 
wider particle size range than the multicyclone, but has 
other disadvantages. Much more care is required with 
impactor sampling to ensure that individual stages are not
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overloaded and that particle bounce does not bias the 
results. Careful selection of the substrate material is 
needed to minimize these effects. Because of more sources 
of error with impactors, multiple tests should be conducted, 
preferably at several flow rates to ensure accurate results.
The APS, with original efficiency curves, was not as 
accurate as the impactor or multicyclone in determining the 
correct particle size distribution, but the APS has several 
key advantages over impactors or multicyclones. The obvious 
main advantage of the APS is that it can measure particle 
size distribution and concentration in near real-time. When 
particle size and concentration are needed as a function of 
time, the APS can provide capability that is impossible with 
impactors or multicyclones. This study also showed that 
another advantage of the APS is much better repeatability 
than the impactor or multicyclone. This implies that, if 
the APS can be calibrated correctly by modifying the 
efficiency curves for a given dust, it has the capability to 
provide accurate particle size distributions and dust 
loadings in addition to near real-time results.
Corrections to the D1 and D100 efficiency correction 
files resulted in correct particle size distributions and 
dust loadings for the APS data for the BCR67 and BCR70 
dusts. Whether these modified corrections are valid for a
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variety of dusts remains somewhat unclear. Results indicate 
that the modified efficiency corrections will provide more 
accurate particle size distributions for several dusts. 
However, the possible effects of coincidence error on the 
measured size distributions and dust loadings make this 
result somewhat uncertain.
Another key advantage of the APS is its sensitivity to 
low particle concentrations. Since it is a single particle 
counting instrument, it is capable of detecting and sizing a 
single particle at a time at extremely low dust 
concentrations. Whereas sampling with impactors at very low 
dust concentrations would require a prohibitively long 
sampling time, the APS can provide a reasonable 
approximation of particle concentrations in a relatively 
short time at very low dust concentrations.
A serious questions that exists with the APS is the 
relatively few number of particle counts that appear in the 
LPP channels. The LPP appears to be rejecting particles 
even when particle concentrations are well below levels that 
cause serious coincidence error. Because of few counts 
appearing in the LPP channels, the 15 /urn to 3 0 /xm particle 
size range does not appear to be useful when the 100:1 
diluter is employed. Even without the 100:1 APS diluter, 
the usefulness of the 15 /xm to 30 /xm range is questionable
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when large numbers of small particles are present. The 
presence of large numbers of small particles requires that 
overall particle concentrations be kept low enough to 
prevent coincidence error. The problem is that, at these 
low overall particle concentrations, there are not enough 
particles counted in the LPP channels to obtain a good 
statistical particle size distribution for the larger 
particle sizes.
Recommendations include further tests with dusts such 
as the BU275 at lower particle concentrations and longer 
sampling times to determine if the new efficiency 
corrections are valid when particle coincidence error is 
minimized. This may require modification of the dilution 
system to facilitate higher dilution air flow rates without 
inducing cyclonic flow. Further tests could also be 
completed with several size fractionated dust samples, such 
as the cyclone catches from multicyclone tests, to more 
thoroughly assess the ability of the APS to provide the 
correct particle size distribution for a variety of dusts. 
Another possible source of a test dust would be to combine 
the BCR67 and BCR70 dusts by thorough mixing. It is also 
strongly recommended that TSI be consulted to determine if 
any sensitivity adjustments are possible to facilitate more 
counts in the LPP channels.
APPENDIX A
NOMENCLATURE
acfm = actual cubic feet per minute 
APS = Aerodynamic Particle Sizer
BCR67 = Community Bureau of Reference test dust with 
16.8 /Lim mass median diameter 
BCR70 = Community Bureau of Reference test dust with 
4.7 /m mass median diameter
Btu = British thermal unit
BU275 = Beulah fly ash from particula'
Run No. 275
C = Cunningham correction factor
C a = Cunningham correction factor
particle size
cc = cubic centimeter
cm = centimeter
CNC = Condensation Nucleus Counter
D = diameter of jet or nozzle
DPD = Dry Powder Disperser
DL = dust loading
d a = aerodynamic particle diameter



























cut point diameter defined as the particle diameter 
for which the collection efficiency of an impactor 
or multicyclone stage is 50%
Stokes particle diameter





drag force on spherical particle 
feet
acceleration of gravity 
grams per cc
High Efficiency Particle-free Air 
hour
Large Particle Processor 
pound






number of jets on an impactor stage
number of samples



























actual pressure at rotameter ball (psi)
actual gas pressure
pounds per square inch gauge
impactor gas flow rate
indicated rotameter reading (scfh)
corrected actual flow rate (scfh)
ideal gas constant
sample standard deviation
measurement uncertainty for BCR test dusts 




standard cubic feet per hour 
time












7T = Pi (3.14159)
pf = fluid density
pp = particle density
r = velocity relaxation time
tjf = impaction parameter
APPENDIX B





























































APS EFFICIENCY CORRECTION FILES
AERODYNAMIC D1 D1 D1 D100 D100
DIAMETER ORIG TSlmod SJMmod ORIG TSlmod
<0.486 1 0.95 1 1 0.95
<0.486 1 0.95 1 1 0.95
<0.486 1 0.95 1 1 0.95
0.505 1 0.95 1 1 0.95
0.542 1 0.95 1 1 0.95
0.582 1 0.95 1 1 0.95
0.625 1 0.95 1 1 0.95
0.673 1 0.95 1 1 0.95
0.724 1 0.95 1 1 0.95
0.778 1 0.95 1 1 0.95
0.835 1 0.95 1 1 0.95
0.898 1 0.95 1 1 0.95
0.965 1 0.95 1 1 0.95
1.04 1 0.95 1 1 0.95
1.11 1 0.95 1 1 0.95
1.2 1 0.95 1 1 0.95
1.29 1 0.95 1 1 0.95
1.38 1 0.95 1 1 0.95
1.49 1 0.95 1 1 0.95
1.6 1 0.95 1 1 0.95
1.72 1 0.95 1 1 0.95
1.84 1 0.95 1 1 0.95
1.98 1 0.95 1 1 0.95
2.13 1 0.94 1 1 0.94
2.29 1 0.94 1 1 0.94
2.46 1 0.93 1 1 0.93
2.64 1 0.93 1 1 0.93
2.84 1 0.92 1 1 0.92
3.05 1 0.91 1 1 0.91
3.28 1 0.89 1 1 0.89
3.52 1 0.88 1 1 0.88
3.79 1 0.85 1 1 0.85
4.07 1 0.83 1 0.99 0.82
4.37 1 0.81 1 0.98 0.79
4.7 1 0.78 1 0.97 0.76
5.05 1 0.73 1 0.95 0.69
5.42 1 0.68 1 0.93 0.63
5.83 1 0.63 1 0.9 0.57
6.26 1 0.59 1 0.87 0.51
6.73 1 0.54 1 0.85 0.46
7.23 1 0.51 0.909 0.82 0.42
7.77 1 0.48 0.769 0.79 0.38
8.35 1 0.45 0.588 0.76 0.34
8.98 1 0.42 0.408 0.73 0.31
9.65 1 0.4 0.286 0.7 0.28
10.4 1 0.39 0.2 0.67 0.26
11.1 1 0.37 0.143 0.63 0.23
12 1 0.36 0.111 0.6 0.22
12.9 1 0.34 0.08 0.56 0.19
13.8 1 0.33 0.056 0.53 0.17
14.9 1 0.31 0.036 0.5 0.16
16 1 0.3 0.02 0.47 0.14
17.2 1 0.28 0.026 0.43 0.12
18.4 1 0.27 0.03 0.4 0.11
19.8 1 0.25 0.034 0.37 0.09
21.3 1 0.24 0.035 0.33 0.08
22.9 1 0.24 0.036 0.3 0.07
24.6 1 0.24 0.033 0.26 0.06
26.4 1 0.23 0.033 0.23 0.05
28.4 1 0.23 0.032 0.19 0.04
30.5 1 0.23 0.032 0.16 0.04
>32.8 1 0.22 0.032 0.13 0.03
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